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Abstract 
Numerical and experimental studies were undertaken using lightweight brake rotors to 
reduce vehicle weight and thereby improve fuel efficiency and vehicle emissions. 
Abaqus finite element and Matlab software were used to construct one dimensional 
(1D), two dimensional (2D) and three dimensional (3D) thermal models to investigate 
the general thermal performance of disc brakes to develop a valid method of reduced 
scale testing. Five small scale solid brake rotors were investigated experimentally: grey 
cast iron, wrought aluminium alloy (6082), the same 6082 alloy with an alumina surface 
layer applied by plasma electrolytic oxidation (PEO), cast aluminium MMC 
(AMC640XA) and the same MMC with a PEO alumina surface layer. The disc and pad 
temperatures, brake pressure, coefficient of friction and brake torque were monitored 
during the tests for each material. Surface morphology, microstructure and micro 
hardness of the coatings and substrate were evaluated before and after the tests. 
Numerical simulations confirmed the equivalence between the full and small scale disc 
thermal performance using the proposed scaling methodology and also provide a good 
agreement with the experimental results.  
The coated 6082 alloy rotor was shown to give good thermal and friction performance 
up to relatively high rubbing surface temperatures of around 500
o
C. This rotor failed at 
a surface temperature of about 550
o
C due to brittle fracture of the wrought aluminium 
substrate. The proposed scaling methodology was shown to be a valid method of 
investigating a rotor design concept in the laboratory at low cost and reduced operating 
time. The PEO coating on aluminium alloy was denser and more uniform compared to 
the PEO coating on aluminium MMC. In addition, the PEO coating improved the 
hardness and thermal resistance of both the aluminium alloy and aluminium MMC. A 
sensitivity analysis based on the Taguchi approach was carried out on the PEO coated 
aluminium alloy rotor to investigate the effect of various parameters on thermal 
performance. Optimisation of the structure was carried out using a genetic algorithm to 
design coated aluminium alloy discs that are potentially technically viable on small-
medium passenger cars. 
Keywords: lightweight rotor, finite element model, plasma electrolytic oxidation, 
optimisation, material characterisation, brake dynamometer and scaling methodology. 
  vi 
__________________________________________________________________________________________________________ 
List of Contents 
Acknowledgement ...................................................................................... iv 
Abstract ........................................................................................................ v 
List of Contents .......................................................................................... vi 
Nomenclature ............................................................................................ xvi 
List of Abbreviations................................................................................ xxi 
List of Figures .......................................................................................... xxii 
List of Tables ......................................................................................... xxxii 
Chapter 1: Introduction ............................................................................. 1 
1.1 Research overview and background.................................................................. 1 
1.2 Research aim and objectives ............................................................................. 7 
1.2.1 Aim ................................................................................................................ 7 
1.2.2 Objectives ...................................................................................................... 7 
1.3 Structure of remainder of thesis ........................................................................ 7 
Chapter 2: Literature Review .................................................................. 10 
2.1 Overview ......................................................................................................... 10 
2.2 Disc brake system overview ........................................................................... 11 
2.3 Thermal analysis of rotors ............................................................................... 14 
2.3.1 Simple one-dimensional analysis ................................................................ 15 
2.3.2 Finite element analysis ................................................................................ 19 
2.3.3 Experimental analysis ................................................................................. 22 
  vii 
__________________________________________________________________________________________________________ 
2.4 Scaling methodologies .................................................................................... 23 
2.5 Investigation of disc brake rotor material ....................................................... 25 
2.6 Aluminium alloys ............................................................................................ 27 
2.6.1 General background .................................................................................... 27 
2.6.2 Aluminium alloys classifications and properties ........................................ 28 
2.6.3 Aluminium alloys applications ................................................................... 30 
2.6.4 Surface engineering on aluminium alloys and aluminium metal matrix 
composite ................................................................................................................ 31 
2.7 Aluminium metal matrix composite................................................................ 31 
2.7.1 General background .................................................................................... 31 
2.7.2 Aluminium metal matrix composite classifications and properties ............ 32 
2.7.3 Aluminium metal matrix composite applications ....................................... 32 
2.7.4 Surface engineering of aluminium metal matrix composite ....................... 33 
2.8 Coating technologies ....................................................................................... 33 
2.8.1 Keronite PEO coating technology ............................................................... 36 
2.9 Design of experiment (DoE) and optimisation analysis ................................. 40 
2.10 Summary of the findings and implications for the current research ............... 42 
Chapter 3: Material and characterisation method ................................ 45 
3.1 Introduction ..................................................................................................... 45 
3.2 Materials .......................................................................................................... 45 
3.2.1 Grey cast iron .............................................................................................. 46 
  viii 
__________________________________________________________________________________________________________ 
3.2.2 Aluminium alloy ......................................................................................... 46 
3.2.3 Aluminium metal matrix composite............................................................ 47 
3.2.4 PEO coating ................................................................................................ 47 
3.2.5 Brake pad material ...................................................................................... 48 
3.3 Sample preparation and metallographic preparation of samples .................... 49 
3.4 Experimental techniques ................................................................................. 52 
3.4.1 Optical microscopy of materials ................................................................. 53 
3.4.2 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 
analysis (EDX) ........................................................................................................ 53 
3.4.2.1 SEM and EDX fundamentals .............................................................. 53 
3.4.2.2 SEM and EDX sample preparation ..................................................... 55 
3.4.3 Micro-Hardness tests ................................................................................... 58 
3.4.4 Roughness analysis ..................................................................................... 59 
3.4.5 Geometry measurement .............................................................................. 60 
3.5 Summary ......................................................................................................... 62 
Chapter 4: One-dimensional thermal models ........................................ 63 
4.1 Introduction ..................................................................................................... 63 
4.2 Background and theories ................................................................................. 64 
4.2.1 Fourier‟s law for heat conduction ............................................................... 64 
4.2.2 Newton‟s law of cooling ............................................................................. 65 
4.2.3 Radiation heat transfer ................................................................................ 66 
  ix 
__________________________________________________________________________________________________________ 
4.2.4 Thermal contact resistance .......................................................................... 66 
4.2.5 Braking energy and power of the vehicle ................................................... 66 
4.3 One-dimensional thermal model theory .......................................................... 68 
4.3.1 Assumption ................................................................................................. 68 
4.3.2 Formulation ................................................................................................. 69 
4.3.3 Initial condition parameters and initialization............................................. 74 
4.3.4 Solution procedure ...................................................................................... 77 
4.3.5 Matlab model structure ............................................................................... 79 
4.3.6 Sensitivity analysis ...................................................................................... 81 
4.3.7 Limitations .................................................................................................. 82 
4.4 Abaqus One Dimensional Model .................................................................... 83 
4.5 Validation of the One-dimensional Matlab model .......................................... 86 
4.5.1 Validation of the 1D model against literature ............................................. 86 
4.5.2 Validation of the 1D Matlab model with 1D Abaqus model ...................... 88 
4.6 Coating layer study ......................................................................................... 88 
4.6.1 Thermal resistance modelling ..................................................................... 89 
4.6.2 Mesh density analysis ................................................................................. 92 
4.6.3 Sub-modelling analysis ............................................................................... 94 
4.7 Controlling the Abaqus model through Matlab code ...................................... 99 
4.7.1 Problem definition ....................................................................................... 99 
4.7.2 Solution procedure ...................................................................................... 99 
  x 
__________________________________________________________________________________________________________ 
4.7.3 Benefits ..................................................................................................... 101 
4.8 Parametric study ............................................................................................ 101 
4.8.1 Effects of disc materials ............................................................................ 101 
4.8.2 Effects of convective heat loss .................................................................. 102 
4.8.3 Effects of disc thickness ............................................................................ 103 
4.8.4 Effects of pad material .............................................................................. 104 
4.8.5 Effects of initial vehicle velocity .............................................................. 105 
4.8.6 Effects of vehicle mass.............................................................................. 106 
4.8.7 Effect of rotating heat source .................................................................... 107 
4.8.8 Effect of coating thickness ........................................................................ 108 
4.9 Summary ....................................................................................................... 109 
Chapter 5: Scaling methodologies and test rig design ......................... 111 
5.1 Introduction ................................................................................................... 111 
5.2 Scaling methodologies .................................................................................. 112 
5.2.1 Scaling method .......................................................................................... 112 
5.2.2 Scaling principle........................................................................................ 112 
5.2.2.1 Rotational inertia ............................................................................... 112 
5.2.2.2 Disc mass .......................................................................................... 114 
5.2.2.3 Brake torque ...................................................................................... 115 
5.2.2.4 Functional parameter ......................................................................... 116 
5.2.3 Selection of vehicle for scaling ................................................................. 119 
  xi 
__________________________________________________________________________________________________________ 
5.2.4 Scaling summary ....................................................................................... 120 
5.3 Test rig design and development................................................................... 122 
5.3.1 Small scale brake dynamometer ............................................................... 122 
5.3.1.1 General layout ................................................................................... 123 
5.3.1.2 Load calculations and design ............................................................ 124 
5.3.1.3 Clutch and actuator selection ............................................................ 126 
5.3.1.4 Main shaft design .............................................................................. 128 
5.3.1.5 Brake system selection and design .................................................... 129 
5.3.1.6 Data acquisition and sensors ............................................................. 133 
5.3.1.7 Test rig specification and limitation .................................................. 142 
5.3.2 Full scale brake dynamometer .................................................................. 143 
5.3.2.1 General layout ................................................................................... 143 
5.3.2.2 Small scale disc adapter .................................................................... 145 
5.3.2.3 Data acquisition and sensors ............................................................. 145 
5.3.2.4 Test rig specification and limitation .................................................. 148 
5.3.3 Comparison between full and small scale rigs .......................................... 148 
5.4 Calibration and commissioning of test rigs ................................................... 150 
5.4.1 Test rig setup and configuration ................................................................ 150 
5.4.2 Sensor calibration ...................................................................................... 154 
5.4.3 Test rig commissioning ............................................................................. 161 
5.5 Requisition of test samples............................................................................ 163 
  xii 
__________________________________________________________________________________________________________ 
5.6 Summary ....................................................................................................... 164 
Chapter 6: Thermal analysis using finite element models .................. 165 
6.1 Introduction ................................................................................................... 165 
6.2 Two dimensional axisymmetric transient thermal model for small scale discs .. 
  ....................................................................................................................... 167 
6.2.1 Model setup and boundary conditions ...................................................... 167 
6.2.2 Mesh sensitivity analysis .......................................................................... 168 
6.3 Three dimensional coupled temperature model for small scale discs ........... 170 
6.3.1 Model setup ............................................................................................... 170 
6.3.2 Mesh sensitivity analysis .......................................................................... 174 
6.4 Comparison between the finite element models ........................................... 176 
6.5 Two dimensional axisymmetric model for full scale disc ............................ 178 
6.6 Two dimensional axisymmetric model for a small scale disc with coating .. 179 
6.7 Summary ....................................................................................................... 179 
Chapter 7: Experimental and numerical results ................................. 181 
7.1 Introduction ................................................................................................... 181 
7.2 Test matrix development ............................................................................... 183 
7.3 Experimental and numerical results .............................................................. 185 
7.3.1 Characteristics of thermal results for small scale discs ............................. 185 
7.3.2 Full scale disc ............................................................................................ 197 
7.3.3 Coefficient of friction ................................................................................ 199 
  xiii 
__________________________________________________________________________________________________________ 
7.3.4 Observation of the coating layer during the test ....................................... 202 
7.4 Scaling methodology validation .................................................................... 204 
7.5 Thermal performance of the failed coated wrought aluminium alloy disc brake 
rotor  ....................................................................................................................... 210 
7.6 Summary ....................................................................................................... 212 
Chapter 8: Material characterisation results ....................................... 214 
8.1 Introduction ................................................................................................... 214 
8.2 Microstructure and morphology analysis ...................................................... 214 
8.2.1 Before braking tests................................................................................... 214 
8.2.1.1 Wrought aluminium alloy substrate .................................................. 214 
8.2.1.2 Aluminium metal matrix composite substrate .................................. 217 
8.2.1.3 Plasma electrolytic oxidation coating ............................................... 220 
8.2.1.4 Brake pads ......................................................................................... 228 
8.2.2 After braking tests ..................................................................................... 230 
8.2.2.1 Disc brake rotor ................................................................................. 230 
8.2.2.2 Brake pads ......................................................................................... 237 
8.3 Surface hardness measurements .................................................................... 238 
8.4 Roughness analysis ....................................................................................... 239 
8.5 Coating durability and transfer layer analysis ............................................... 239 
8.6 Characterisation of the failed coated wrought aluminium disc brake rotor .. 242 
8.7 Summary ....................................................................................................... 244 
  xiv 
__________________________________________________________________________________________________________ 
Chapter 9: Design of experiment and optimisation analysis .............. 246 
9.1 Introduction ................................................................................................... 246 
9.2 Nominated finite element models ................................................................. 246 
9.3 The Taguchi study ......................................................................................... 247 
9.3.1 Fundamentals ............................................................................................ 247 
9.3.2 Uncoated disc brake rotor ......................................................................... 248 
9.3.3 Coated disc brake rotor ............................................................................. 254 
9.4 Optimisation analysis .................................................................................... 258 
9.5 Validation of the optimum results ................................................................. 263 
9.6 Summary ....................................................................................................... 266 
Chapter 10: Discussion of key findings ................................................. 267 
10.1 Introduction ................................................................................................... 267 
10.2 The importance of numerical and experimental analysis in the area of 
lightweight disc brake rotor ...................................................................................... 267 
10.3 Application of surface engineering techniques to understand the capabilities 
of aluminium alloy brake rotors ................................................................................ 271 
10.4 Importance of optimisation analysis for coated aluminium alloy rotors....... 272 
10.5 Industrial and academic implications for the current work ........................... 273 
10.6 Summary ....................................................................................................... 273 
Chapter 11: Conclusions and future work ........................................... 275 
11.1 Conclusion .................................................................................................... 275 
11.2 Suggestions for future work .......................................................................... 277 
  xv 
__________________________________________________________________________________________________________ 
REFERENCES ........................................................................................ 279 
APPENDIX A: ASSEMBLY AND DISASSEMBLY PROCEDURE 293 
APPENDIX B: TEST RIG COMISSIONING OUTPUT ................... 295 
APPENDIX C: LIST OF PUBLICATIONS ........................................ 296 
 
  xvi 
__________________________________________________________________________________________________________ 
Nomenclature 
  Thermal diffusivity        [ sm /2 ]  
  The ratio of heat flux into the pad to the total heat flux   [---] 
  Brake torque         [ Nm ] 
  Heat flux correction factor       [---] 
a  The viscosity of the air       [ mskg / ] 
  The coefficient of friction       [---] 
d  Average angular deceleration of the disc    [
2/ srad ] 
  Material density        [
3/ mkg ]  
a  The density of the air       [
3/ mkg ]  
  Emissivity         [---]  
  Stefan-Boltzmann constant      [ 42/ KmW ]  
p  Pad arc angle         [°] 
fi /  Initial/final rotational speed       [ srad / ] 
S  Small scale rotational speed       [ srad / ] 
F  Full scale rotational speed       [ srad / ] 
A  Pad area        [
2m ] 
FA  Full scale pad area       [
2m ] 
SA  Small scale pad area       [
2m ] 
  xvii 
__________________________________________________________________________________________________________ 
pistonA  Caliper piston cross-sectional area     [
2m ] 
cylA  Master cylinder cross-sectional area     [
2m ] 
a  Deceleration of the vehicle      [ 2/ sm ] 
dc  Disc circumference at mean rubbing radius    [ m ] 
pc  
Specific heat capacity       [ KkgJ ./ ] 
d  Rate of deceleration        [g]  
od  Brake disc outer diameter       [ m ]  
pd  Circumferential distance at mean rubbing radius    [ m ]  
rd  Ratio of disc outer diameter to inner rubbing diameter   [ m ]  
td  Wheel rolling diameter       [ m ] 
bE  Braking energy       [ J ] 
FE  Total energy for full scale      [
22 /. smkg ] 
gE
  Rate of thermal energy generation     [W ] 
inE
  Rate of energy transfer into a control volume   [W ] 
outE
  Rate of energy transfer out of a control volume   [W ] 
SE  Total energy for small scale      [
22 /. smkg ] 
stE
  Rate of stored energy within a control volume   [W ] 
F  Deceleration force        [ N ] 
  xviii 
__________________________________________________________________________________________________________ 
cylF  Master cylinder force        [ N ] 
fF  Brake force at each front wheel      [ N ] 
nF  Normal force at mean rubbing radius     [ N ] 
tF  Tangential force at mean rubbing radius    [ N ] 
h  Convective heat transfer coefficient      [ KmW ./ 2 ] 
condh  Thermal contact conductance      [ KmW ./
2
] 
I  Mass moment of inertia of rotating object    [
2.mkg ] 
FI  Full scale rotational inertia      [
2.mkg ] 
SI  Small scale rotational inertia      [
2.mkg ] 
k  Thermal conductivity coefficient      [ KmW ./ ] 
ak  Thermal conductivity coefficient of the air     [ KmW ./ ] 
RL   Brake disc thickness        [ m ] 
K  Correction factor of rotating masses      [---] 
m
 
Vehicle Mass         [kg] 
dm  Disc mass        [ kg ] 
M  Vehicle corner mass       [ kg ] 
FM  Full scale vehicle corner mass     [ kg ] 
SM  Small scale vehicle corner mass     [ kg ] 
nN  Number of nodal points`      [---] 
  xix 
__________________________________________________________________________________________________________ 
FP  Full scale contact pressure      [ Pa ] 
SP  Small scale contact pressure      [ Pa ] 
bP   Braking power on a single front tyre of the vehicle   [ sNm / ] 
q  Heat flux per unit volume       [ 3/ mW ] 
Q  Heat energy quantity       [ J ] 
xq   Heat flux per unit area      [
2/ mW ] 
convq   Convective heat flux per unit area     [
2/ mW ] 
radq   Radiation heat flux per unit area     [
2/ mW ] 
xq  Heat rate by conduction      [W ] 
dr  Mean rubbing radius of disc brake     [ m ] 
dFr  Mean rubbing radius of full scale disc brake    [ m ] 
dSr  Mean rubbing radius of small scale disc brake   [ m ] 
R  Tyre radius         [ m ]  
condR  Thermal contact resistance       [ WKm /
2
]  
eR  Effective rolling radius       [ m ]  
eFR  Full scale effective rolling radius      [ m ]  
eSR  Small scale effective rolling radius      [ m ]  
GR  Radius of gyration        [ m ]  
  xx 
__________________________________________________________________________________________________________ 
Re  Reynolds number        [---] 
S  Scaling factor         [---]  
tc  Brake disc thickness        [ m ]  
ts  Coating thickness        [ m ] 
st  Stop time         [ s ] 
T  Temperature         [ Co ] 
surT  Absolute Temperature of the surface     [ C
o ] 
sT  Surface Temperature        [ C
o ] 
T  Surroundings temperature      [ C
o ] 
fiv /  Initial/final forward vehicle velocity      [ hkm/ ] 
sv  Sliding velocity       [ sm / ] 
pw  Radial pad thickness       [ m ] 
fx  The proportion of braking at the front axle    [---] 
rx  The proportion of braking at the rear axle    [---] 
Note: subscripts C/R indicate coating/substrate (rotor) for all variables. Subscript P 
indicates Pad for all variables. 
  xxi 
__________________________________________________________________________________________________________ 
List of Abbreviations 
+ve  Positive 
-ve  Negative 
1D  One Dimension 
2D  Two Dimension 
3D  Three Dimension 
Al  Aluminium 
Al-MMC Aluminium metal matrix composite 
Al-Alloy Wrought aluminium alloy 
CAD  Computer-Aided Design 
DC  Direct Current 
EDX  Energy-dispersive X-ray spectroscopy 
FEA  Finite Element Analysis 
GCI  Grey cast iron 
PEO  Plasma electrolytic oxidation 
PhD  Doctor of Philosophy 
SAE  Society of Automotive Engineering 
S/N ratio Signal to Noise Ratio 
SEM  Scanning electron microscope 
TCR  Thermal contact resistance 
  xxii 
__________________________________________________________________________________________________________ 
List of Figures 
Figure 2.1: Literature review overview ........................................................................... 11 
Figure 2.2: Basic components of an automotive brake system [51]. .............................. 13 
Figure 2.3: Schematic diagram of both disc and drum brakes [51]. ............................... 13 
Figure 2.4: Calculated temperature rise of the brake components during the Alpine test 
[13]. ................................................................................................................................. 18 
Figure 2.5: History of aluminium production in main countries and regions since 1950 
[67]. ................................................................................................................................. 27 
Figure 2.6: Aluminium alloy designation system [68].................................................... 28 
Figure 2.7: World consumption of aluminium by application [69]. ............................... 30 
Figure 2.8: Global MMC outlook by application/segment, 2004-2013 KG 1,000S [77].
 ......................................................................................................................................... 33 
Figure 2.9: Keronite PEO process [90]. .......................................................................... 37 
Figure 2.10: Cross-sectional BSEM image of Keronite coating on AA2219 alloy [30]. 39 
Figure 2.11: XRD analysis of Keronite coating on AA2219 alloy [30]. ........................ 39 
Figure 3.1: EDX image of the brake pad before the brake testing. ................................. 49 
Figure 3.2: Automatic mounting press machine. ............................................................ 50 
Figure 3.3: Preparing the coating and cross-sectional view samples. ............................. 50 
Figure 3.4: Preparing the small scale brake rotor rubbing surface samples for material 
characterisation analysis.................................................................................................. 51 
Figure 3.5: Complete procedure used to prepare the sample. ......................................... 52 
Figure 3.6: Leica microscope (LEICA CTR6000 and LEICA DM600M). .................... 53 
  xxiii 
__________________________________________________________________________________________________________ 
Figure 3.7: The Scanning Electron Microscopy machine with the integrated Energy-
Dispersive X-ray system (Carl Zeiss EVO MA15 SEM machine with integrated Oxford 
Instrument INCA 250 EDX system). .............................................................................. 54 
Figure 3.8: Types of sample used in the SEM analysis. ................................................. 55 
Figure 3.9: Main components used in preparing the sample for the SEM analysis. ....... 56 
Figure 3.10: EMSCOPE TB500 SEM Carbon Coater. ................................................... 57 
Figure 3.11: EMSCOPE SC500 Gold Sputter Coater. .................................................... 57 
Figure 3.12: Sample surface before and after coating. .................................................... 58 
Figure 3.13: Micro Vickers Hardness Testing Machine (Mitutoyo HM-122 Hardness 
testing machine). ............................................................................................................. 59 
Figure 3.14: NP Flex optical interferometer (Bruker NPFLEX optical profiling system).
 ......................................................................................................................................... 60 
Figure 3.15: Trace positions for roughness analysis on the small scale disc brake rotor.
 ......................................................................................................................................... 60 
Figure 3.16: Kemco 400 CNC coordinate measurement (CMM) machine. ................... 61 
Figure 4.1: The three modes of heat transfer [102]. ........................................................ 64 
Figure 4.2: Heat flux distribution between the disc and pad........................................... 69 
Figure 4.3: One dimensional thermal model for a brake disc. ........................................ 70 
Figure 4.4: One dimensional thermal model for a coated brake disc.............................. 73 
Figure 4.5: The overall Matlab model structure.............................................................. 80 
Figure 4.6: Sensitivity analysis simulation. .................................................................... 81 
Figure 4.7: One dimensional FE model of brake disc in Abaqus. .................................. 83 
Figure 4.8: The overall Abaqus model structure. ............................................................ 84 
  xxiv 
__________________________________________________________________________________________________________ 
Figure 4.9: Mesh density sensitivity analysis for 1D Abaqus model. ............................. 86 
Figure 4.10: Disc surface temperature comparison between the current model and 
Newcomb [10]. ................................................................................................................ 87 
Figure 4.11: Validation of the Matlab numerical model with the Abaqus model. .......... 88 
Figure 4.12: One dimensional transient models. ............................................................. 89 
Figure 4.13: Temperature distribution across the disc and pad without tuning. ............. 91 
Figure 4.14: Temperature distribution across the disc and pad with convection tuning. 92 
Figure 4.15: Temperature across the disc and pad brake for different mesh density 
through the coating. ......................................................................................................... 93 
Figure 4.16: Temperature between the disc and coating for different mesh density. ..... 94 
Figure 4.17: Global and local 1D thermal models of disc brake. ................................... 95 
Figure 4.18: Temperature distribution of the global 1D thermal models at t =4s. .......... 96 
Figure 4.19: Temperature distribution of the local coating thermal models at t=4s. ...... 97 
Figure 4.20: Temperature distribution of the local substrate thermal models at t =4s.... 97 
Figure 4.21: Temperature distribution of the local pad thermal models at t =4s. ........... 98 
Figure 4.22: Temperature distribution of the local and global models at t = 4 s ............ 98 
Figure 4.23: The overall Matlab/Abaqus model structure. ........................................... 100 
Figure 4.24: Disc brake temperature distribution for different disc materials. ............. 102 
Figure 4.25: Disc brake temperature distribution for different convective heat transfer 
coefficients. ................................................................................................................... 103 
Figure 4.26: Disc brake temperature distribution for different disc thicknesses. ......... 104 
Figure 4.27: Disc brake temperature distribution for different pad materials............... 105 
  xxv 
__________________________________________________________________________________________________________ 
Figure 4.28: Disc brake temperature distribution for different initial velocities. ......... 106 
Figure 4.29: Disc brake temperature distribution for different vehicle masses. ........... 107 
Figure 4.30: Effect of rotating heat on the temperature distribution of the disc brake. 108 
Figure 4.31: Effect of coating thickness on the temperature distribution of the disc 
brake. ............................................................................................................................. 109 
Figure 5.1: Fiat Punto disc brake rotor geometry. ........................................................ 120 
Figure 5.2: General layout of the small scale brake dynamometer. .............................. 124 
Figure 5.3: Flywheel mass against scaling factor for different vehicle sizes................ 125 
Figure 5.4: Nexen L600 clutch unit schematic [116]. ................................................... 126 
Figure 5.5: ACME Screw Linear Actuator (LMR 01) [117]. ....................................... 127 
Figure 5.6: ACME Screw Linear Actuator (LMR 01) performance [117]. .................. 128 
Figure 5.7: Main shaft layout ........................................................................................ 129 
Figure 5.8: Wilwood PS1 caliper [119]. ....................................................................... 130 
Figure 5.9: 3D model of PS1 Caliper support arrangement. ......................................... 130 
Figure 5.10: Wilwood brake pads [119]. ...................................................................... 131 
Figure 5.11: Small scale brake pad geometry. .............................................................. 132 
Figure 5.12: Wilwood master cylinder and support arrangement [119]. ...................... 133 
Figure 5.13: National instrument BNC-2090 adapter [120]. ........................................ 134 
Figure 5.14: General data acquisition configuration of the small scale test rig. ........... 134 
Figure 5.15: Speed sensor configuration. ...................................................................... 135 
Figure 5.16: Pressure transducer setup.......................................................................... 136 
  xxvi 
__________________________________________________________________________________________________________ 
Figure 5.17: Rubbing thermocouple configuration. ...................................................... 137 
Figure 5.18: Brake pad embedded thermocouple location. ........................................... 137 
Figure 5.19: Brake pad with embedded thermocouples. ............................................... 138 
Figure 5.20: Thermal imaging system configuration on the small scale rig. ................ 138 
Figure 5.21: Load cell configuration. ............................................................................ 139 
Figure 5.22: Linear actuator configuration. .................................................................. 140 
Figure 5.23: Pneumatic clutch set-up configuration. .................................................... 140 
Figure 5.24: LabView user interface window. .............................................................. 141 
Figure 5.25: General layout of the full scale brake dynamometer. ............................... 144 
Figure 5.26: Full brake dynamometer. .......................................................................... 144 
Figure 5.27: Small scale adaptor. .................................................................................. 145 
Figure 5.28: Experimental setup of small scale brake dynamometer. .......................... 146 
Figure 5.29: Full and small scale disc brake rotor thermocouple position. .................. 147 
Figure 5.30: Full scale brake pad geometry. ................................................................. 147 
Figure 5.31: Full scale brake system configuration. ..................................................... 148 
Figure 5.32: Experimental setup for small scale test rig. .............................................. 152 
Figure 5.33: Experimental setup for full scale test rig. ................................................. 153 
Figure 5.34: Manual mechanical press arrangement for compression loads. ............... 155 
Figure 5.35: Linear regression between output voltage and applied load for load cell 
calibration. ..................................................................................................................... 156 
Figure 5.36: Hydraulic dead weight tester for calibrating the pressure transducer. ..... 157 
  xxvii 
__________________________________________________________________________________________________________ 
Figure 5.37: Linear regression between output voltage and hydraulic pressure for 
pressure transducer calibration. ..................................................................................... 158 
Figure 5.38: Linear regression between output voltage and temperature for 
thermocouple calibration. .............................................................................................. 159 
Figure 5.39: Polynomial regression between actuator input voltage and brake line 
pressure for linear actuator. ........................................................................................... 160 
Figure 5.40: Position of the thermocouples on the bearings. ........................................ 162 
Figure 5.41: Bearing surface temperature without braking condition at 1500 rpm. ..... 162 
Figure 5.42: CAD representation of the reduced scale disc brake. ............................... 163 
Figure 6.1: Finite element model selection. .................................................................. 166 
Figure 6.2: 2D axisymmetric thermal model setup and conditions. ............................. 167 
Figure 6.3: 3D FE model assembly. .............................................................................. 171 
Figure 6.4: Thermal boundary conditions. .................................................................... 171 
Figure 6.5: Disc and pad boundary condition before braking. ...................................... 172 
Figure 6.6: Disc and pad boundary conditions during braking. .................................... 173 
Figure 6.7: 3D model steps overview. .......................................................................... 174 
Figure 6.8: Surface temperature at mean rubbing radius for different disc brake models.
 ....................................................................................................................................... 177 
Figure 6.9: 2D axisymmetric thermal model setup and conditions for full scale disc. . 178 
Figure 6.10: 2D axisymmetric thermal model setup and conditions for a coated small 
scale disc. ...................................................................................................................... 179 
Figure 7.1: Overview of experimental work using brake dynamometer. ..................... 182 
  xxviii 
__________________________________________________________________________________________________________ 
Figure 7.2: Uncoated aluminium alloy rotor after test showing degraded rubbing 
surface. .......................................................................................................................... 186 
Figure 7.3: Temperature responses of the aluminium MMC disc. ............................... 187 
Figure 7.4:  Temperature responses of the coated aluminium MMC disc. ................... 188 
Figure 7.5: Temperature responses of the coated aluminium alloy disc. ...................... 189 
Figure 7.6: Temperature responses of the GCI disc. ..................................................... 190 
Figure 7.7: Temperature response of the coated aluminium alloy disc, Test 7. ........... 191 
Figure 7.8: Comparison between the sliding thermocouples and high speed thermal 
imaging system for coated wrought aluminium rotor (test 5). ...................................... 192 
Figure 7.9: Comparison between the sliding thermocouples and high speed thermal 
imaging system for grey cast iron rotor (test 9). ........................................................... 193 
Figure 7.10: Temperature response of different disc brake materials. .......................... 194 
Figure 7.11: Numerical and experimental temperature response for the GCI disc. ...... 196 
Figure 7.12: Numerical and experimental temperature response for the coated Al-MMC 
disc. ............................................................................................................................... 196 
Figure 7.13: Measured disc surface temperature for the full scale disc brake rotor. .... 198 
Figure 7.14: Coefficient of friction for the full scale Fiat Punto disc. .......................... 198 
Figure 7.15: Temperature and COF response of the full scale disc brake. ................... 199 
Figure 7.16: Average coefficient of friction for the small scale disc brake rotor. ........ 200 
Figure 7.17: Temperature and COF response of the coated Al-alloy disc brake (test 9).
 ....................................................................................................................................... 201 
Figure 7.18: Temperature and COF response of the coated Al-MMC disc brake (test 9).
 ....................................................................................................................................... 202 
  xxix 
__________________________________________________________________________________________________________ 
Figure 7.19: Surface appearance of the coated Al-alloy before the tests. ..................... 203 
Figure 7.20: Surface appearance of the coated aluminium alloy after testing showing a 
dark transfer layer. ........................................................................................................ 203 
Figure 7.21: Disc surface temperature for small scale and full scale discs for condition 
1. .................................................................................................................................... 205 
Figure 7.22: Disc surface temperature for small scale and full scale discs under 
condition 2. .................................................................................................................... 205 
Figure 7.23: Two dimensional axisymmetric finite element model for small scale discs.
 ....................................................................................................................................... 206 
Figure 7.24: Validation of the full disc surface temperature. ....................................... 206 
Figure 7.25: Numerical disc surface temperature for small and full scale discs during 
high drag braking. ......................................................................................................... 207 
Figure 7.26: Temperature distribution of the small scale disc at different time steps. . 208 
Figure 7.27: Temperature distribution of the full scale disc at different time steps. .... 209 
Figure 7.28: Temperature distribution of the coated wrought aluminium disc brake rotor 
before the catastrophic failure. ...................................................................................... 210 
Figure 7.29: Effect of vehicle mass on the maximum temperature of the disc brake. .. 211 
Figure 8.1: Surface morphology of wrought aluminium alloy before braking tests. .... 215 
Figure 8.2: EDX analysis for wrought aluminium alloy before braking tests in three 
different regions (a), (b) and (c). ................................................................................... 216 
Figure 8.3: SEM micrograph showing surface morphology of the aluminium metal 
matrix composite before braking tests. ......................................................................... 218 
Figure 8.4: Optical micrograph of the microstructure of the aluminium metal matrix 
composite before braking tests. ..................................................................................... 218 
  xxx 
__________________________________________________________________________________________________________ 
Figure 8.5:  EDX analysis for the aluminium metal matrix composite before braking 
tests in two different regions (a) and (b). ...................................................................... 219 
Figure 8.6: Surface morphology of PEO coating for the aluminium metal matrix 
composite substrate before braking tests....................................................................... 221 
Figure 8.7: Surface morphology of PEO coating for the wrought aluminium alloy 
substrate before braking tests. ....................................................................................... 222 
Figure 8.8: Cross sectional view for the coated wrought aluminium alloy substrate 
before braking tests: (a) SEM and (b) optical micrograph. ........................................... 223 
Figure 8.9: Cross sectional view for the coated aluminium metal matrix composite 
substrate before braking tests. ....................................................................................... 224 
Figure 8.10:  EDX analysis for coated wrought aluminium (6082) substrate before 
braking tests in two different regions (a) and (b). ......................................................... 225 
Figure 8.11: EDX analysis for the coated aluminium metal matrix composite substrate 
before braking tests in three different regions (a), (b) and (c). ..................................... 226 
Figure 8.12: EDX analysis for the brake pad before braking tests in three different 
regions (a), (b) and (c). .................................................................................................. 229 
Figure 8.13: EDX analysis for the coated wrought aluminium substrate rubbing surface 
after braking tests in two different regions (a) and (b).................................................. 231 
Figure 8.14: EDX map image of the coated aluminium alloy rubbing surface of disc 
brake rotor after testing. ................................................................................................ 233 
Figure 8.15:  EDX analysis for the coated aluminium metal matrix composite substrate 
rubbing surface after braking tests in two different regions (a) and (b)........................ 234 
Figure 8.16: EDX map image of the coated aluminium metal matrix composite rotor 
cross section after testing. ............................................................................................. 236 
Figure 8.17: Micro-hardness tests of the materials surface........................................... 238 
  xxxi 
__________________________________________________________________________________________________________ 
Figure 8.18:   Roughness values for the discs before and after the braking tests. ........ 239 
Figure 8.19:  SEM images of the coated aluminium alloy and aluminium MMC cross 
sections after the testing [132]. ..................................................................................... 240 
Figure 8.20:  3D profile of the disc brake rotor rubbing surface. ................................. 241 
Figure 8.21:  EDX map image of the coated aluminium alloy disc brake rotors after 
testing. ........................................................................................................................... 242 
Figure 8.22:  Coated wrought aluminium disc brake rotor after extreme braking 
condition. ....................................................................................................................... 243 
Figure 8.23:  SEM images of the failed coated aluminium alloy rubbing surface. ....... 244 
Figure 9.1: Temperature distribution at the end of the braking event for the Taguchi 
study for the uncoated disc brake rotor. ........................................................................ 251 
Figure 9.2: Main effects for the uncoated disc brake rotor. .......................................... 253 
Figure 9.3: Main effects for the coated disc brake rotor. .............................................. 258 
Figure 9.4: Building and validation points. ................................................................... 260 
Figure 9.5: Response surface of maximum surface temperature of the coating for the 
two design variables. ..................................................................................................... 261 
Figure 9.6: Response surface of maximum temperature of the substrate for the two 
design variables. ............................................................................................................ 262 
Figure 9.7: Temperature distribution of the coated small scale disc brake rotor at the end 
of simulation for the Alpine descent. ............................................................................ 264 
Figure 9.8: Maximum temperature on the coating and substrate outer surfaces during the 
high g braking test. ........................................................................................................ 264 
Figure 9.9: Temperature distribution of the coated small scale disc brake rotor for the 
high rate constant g stop. ............................................................................................... 265 
  xxxii 
__________________________________________________________________________________________________________ 
List of Tables 
Table 2.1: Wrought aluminium alloy series features [64]. ............................................. 29 
Table 2.2: Typical process parameters during Kernite PEO coating [29]. ..................... 38 
Table 3.1: Chemical composition of EN-GJL-250 grey cast iron [98]. .......................... 46 
Table 3.2: Chemical composition of 6082 aluminium alloy [99, 100]. .......................... 47 
Table 3.3: Chemical composition of  aluminium metal matrix composite (AMC640XA)   
[99]. ................................................................................................................................. 47 
Table 3.4: Typical process parameters during Keronite PEO coating for AA6082 and 
AMC640XA. ................................................................................................................... 48 
Table 4.1: Thermal properties for different solid materials [13, 17, 25, 106, 107] at room 
temperature (20 
o
C). ........................................................................................................ 75 
Table 4.2: Initial conditions and parameters used for the simulation [13, 108].............. 75 
Table 4.3: Initialization parameters used for the simulation. .......................................... 76 
Table 4.4: Mesh sensitivity analysis for the one dimensional Abaqus model. ............... 85 
Table 4.5: Parameters of automotive brake application [15, 17]. ................................... 87 
Table 4.6: Thermal properties for different pad materials [13, 15, 114]. ..................... 105 
Table 5.1: Scaling constant parameters [37]. ................................................................ 117 
Table 5.2: Scaling relations [37]. .................................................................................. 118 
Table 5.3: Full scale parameters [115]. ......................................................................... 120 
Table 5.4: Full and small scale parameters. .................................................................. 121 
Table 5.5: Full and small scale comparison. ................................................................. 149 
Table 5.6: Torque meter (TORQUEMASTER TM 213) .............................................. 156 
  xxxiii 
__________________________________________________________________________________________________________ 
Table 6.1: 2D axisymmetric model mesh sensitivity analysis. ..................................... 169 
Table 6.2: Coupled 3D model mesh sensitivity analysis. ............................................. 175 
Table 6.3: CPU time for different thermal models. ...................................................... 177 
Table 7.1: Test matrix for all brake rotors. ................................................................... 184 
Table 8.1: Elemental composition (weight %) of wrought aluminium alloy 6082. ...... 217 
Table 8.2: Elemental composition of the aluminium metal matrix composite (weight %).
 ....................................................................................................................................... 219 
Table 8.3: Elemental composition (weight %) of coated wrought aluminium alloy 6082.
 ....................................................................................................................................... 225 
Table 8.4: Elemental composition of the coated aluminium metal matrix composite 
(weight %). .................................................................................................................... 227 
Table 8.5: Elemental composition of the brake pad (weight %). .................................. 230 
Table 8.6: Elemental composition of the coated wrought aluminium alloy rubbing 
surface after braking tests (weight %). .......................................................................... 232 
Table 8.7: Elemental composition of the coated aluminium metal matrix composite 
rubbing surface after braking test (weight %). .............................................................. 235 
Table 8.8:  Brake pad thickness variation before and after braking tests ..................... 237 
Table 9.1: Factors selected for the Taguchi study with their maximum and minimum 
levels for the uncoated disc brake rotor. ....................................................................... 249 
Table 9.2: L8 Taguchi matrix. ....................................................................................... 249 
Table 9.3: Results of the L8 Taguchi study of the uncoated disc brake rotor. .............. 252 
Table 9.4: S/N Ratio and main effects for the uncoated disc brake rotor. .................... 253 
  xxxiv 
__________________________________________________________________________________________________________ 
Table 9.5: Factors selected for the Taguchi study with their maximum and minimum 
levels for the coated disc brake rotor. ........................................................................... 255 
Table 9.6: L12 Taguchi matrix ....................................................................................... 255 
Table 9.7: Results of the L12 Taguchi study of the coated disc brake rotor. ................. 256 
Table 9.8: S/N Ratio and main effects for the coated disc brake rotor. ........................ 257 
Table 9.9: Optimum and simulation results of the two design variables. ..................... 262 
 
 CHAPTER 1:  
INTRODUCTION 
1.1 Research overview and background 
The foundation brake is one of the most important safety systems in a vehicle as it plays 
a major part in retarding its motion by converting the kinetic energy of the vehicle to 
heat energy that is dissipated through the disc brake and pads. To find an optimum 
design, the development process for disc brakes involves a number of steps and many 
aspects of the braking system need to be considered to ensure that it meets both legal 
and customer criteria. 
Most of the road vehicles use grey cast iron or steel for manufacturing the disc brake 
rotor because of good friction, thermal properties and high melting point of ferrous 
materials. The main disadvantage of the conventional cast iron or steel disc is its weight 
which has an impact on fuel consumption and vehicle emissions. The automotive 
industry is under huge pressure to reduce vehicle emissions by an average of 10% by 
2015 according to the European Federation for Transport and Environment [1] and this 
is encouraging automotive industry researchers to find a way to reduce vehicle weight 
by using lightweight materials. In order to meet legal limits, reduce fuel consumption 
and improve vehicle performance, efforts are needed to reduce the unspring mass of the 
vehicle and one effective way to do this is by replacing the heavy cast iron disc with a 
lightweight alternative.  
Many automotive brake engineers have introduced thermal modelling as a technique of 
evaluating system performance early in the development process while decreasing the 
level of complexity and time consuming for experimentation [2]. A selection of 
techniques have been used in the modelling of brake systems, each addressing some 
balance between accuracy and run time [3]. Overall, for wide-range of a braking event 
specification, a thermal model need to take into account for the effects of varying 
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friction coefficients at the pad-disc interface, vehicle geometry and inertia along with 
convective, conductive and radiative heat flows [4]. In order to account for all of these 
effects, studies in the literature generally combine and investigate a various range of 
engineering software to create complex, resource-heavy simulations [5, 6]. El-Sharkawy 
[4] explained that the main advantage of one-dimensional modelling lies in speedily 
highlighting issues early in the design process, after which more complex models can be 
used to examine the problem areas in greater detail. 
The conventional design process using full scale dynamometer testing is expensive and 
time consuming because to achieve the desired goal there are complicated experimental 
procedures which need to be carried out. One key aspect of these procedures is to assess 
the maximum temperature reached by the brake discs and pads during critical braking 
events since these temperatures not only affect the friction performance of the system 
but also ultimately its structural integrity. Thermal modelling using theoretical 
considerations and finite element software is another method which can be used in the 
design process to save time and cost to investigate the thermal performance of disc 
brakes under different loading conditions [2, 3, 7, 8].  
Different methods and approaches have been used to predict the temperature 
distribution in a disc brake. Newcomb [9, 10] was one of the earliest researchers to use 
the Laplace transformation to solve the one-dimensional governing equation in order to 
predict the temperature in the disc brake. More recently, many researchers have 
investigated the thermal analysis of disc brakes using different methods such as lumped 
parameter analysis, one dimensional analytical methods, two or three dimensional 
numerical models with different assumptions and comparing the numerical predictions 
with the corresponding experimental results [10-15]. Different studies in the literature 
utilise sophisticated finite element software such as Abaqus to create complex 
computationally intensive simulations [16-19].  
Many researchers have also investigated the possibility of using lightweight disc brake 
rotors instead of the conventional grey cast iron or steel disc brake rotor [7, 17, 19-22]. 
Most research considers the use of aluminium alloy and metal or ceramic matrix 
composites as the material for the brake rotor. The reason for considering aluminium 
based materials is that they have tremendously encouraging properties. These include 
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relatively high specific heat capacity, low density and high thermal conductivity which 
make them favourable candidates for many engineering applications. On the other hand, 
aluminium alloys have disadvantages, namely low maximum operating temperatures 
and low wear resistance, which can limit their application. To overcome this problem, 
surface modification of the alloy, using processes like thermal spraying [23] and 
anodizing [24] can be applied. There are a few reports in the literature of using 
aluminium oxide coating on the rubbing surface of aluminium alloy brakes to provide a 
thermal barrier to protect the disc brake material [17, 20]. One type of aluminium oxide 
coating is plasma electrolytic oxidation (PEO) which provides a good thermal barrier 
because of its low thermal conductivity [25] and good wear resistance [26, 27]. This 
coating process has been developed by a UK Company, Keronite International Ltd [28] 
and showed good thermal and tribological properties. The ceramic coating prepared by 
the PEO process has several advantages such as significantly enhancing the wear and 
corrosion resistance of lightweight aluminium alloys [20, 27, 29, 30]. 
PEO, which is sometimes referred to as micro-plasma oxidation, plasma electrolytic 
anode treatment or spark/discharge anodic coating [31], is an electrochemical surface 
treatment process that generates an oxide coating on metal [32]. PEO coatings are 
formed by the oxidation of metal substrate in an aqueous electrolyte through a series of 
localized electrical discharge events [25, 31, 32]. The oxidation process takes place by 
passing a controlled electrical current through a path of electrolyte solution and then 
plasma discharge is formed around the desired component [33, 34]. The specified series 
of discharges allows oxide growth to form films on aluminium with a thickness of up to 
100 µm [35]. The main advantages of the formed PEO coating are good wear resistance, 
good corrosion resistance and good thermal conductivity [25, 31, 33, 35]. Furthermore, 
the interfacial adhesion between the substrate and coating is excellent because substrate 
conversion is involved rather than simple deposition.  
Although thermal modelling is useful at the design stage, the brake system ultimately 
needs to go through a series of vehicle or real road tests before it can be released as a 
commercial product. The main problem with vehicle testing is that it is time consuming, 
very expensive and subject to different road conditions and driving styles. Laboratory 
based brake dynamometer testing is the preferred way of assuring the friction and 
thermal performance of a disc brake which saves both time and cost. In addition, the 
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brake dynamometer is an excellent research platform as the test conditions and braking 
parameters can be carefully controlled. There are two major types of dynamometer: the 
inertial dynamometer and the CHASE dynamometer. The inertial dynamometer is used 
to evaluate full sized brakes but this is a very time consuming and expensive process. In 
contrast, the CHASE dynamometer uses a small amount of friction material rubbing 
against a drum and it requires shorter testing time than the inertial dynamometer [36].  
A small scale test rig is another way to potentially reduce the cost and time of disc brake 
design [37]. A reduced scale testing system has been used in the past for different 
applications, such as screening for friction stability using the FAST machine, and 
monitoring drum lining material using the CHASE machine [38, 39]. These methods do 
not necessarily provide realistic values of the coefficient of friction because of the 
difficulty of replicating the real thermal operating conditions of a disc brake [36]. 
However, a reduced scale brake dynamometer, such as developed by Sanders et al. [37] 
based on constant energy density scaling, has the advantage that it can potentially 
reproduce operating conditions that are similar to those of a real braking system. 
The main advantage of reduced scale testing is that it is more cost effective and involves 
lower material overheads than full scale testing which increases the potential for rapid 
back-to-back testing [40]. Furthermore, reduced scale testing can improve the accuracy 
and reproducibility of results by reducing spurious effects such as caliper and bracket 
deflection along with pressure fluctuation [37]. The simplification of the braking setup 
is an advantage but this can lead to a reduction in the relevance of the results when 
compared to the full scale brake. Moreover, one of the areas that needs to be considered 
carefully is convective cooling as the cooling rates of the reduced scale and full size 
configurations are not equivalent because of the different physical geometries [37]. 
Therefore, scaling is a complex process and careful tuning of the scaled parameters is 
needed in order to obtain comparable results [41]. 
A pin-on-disc type rig has been utilised as an experimental setup in the literature [41-
44] to investigate friction materials. This uses a single pad pushed against one side of a 
rotating disc. Other studies use two brake pads attached 180 degrees from each other, 
again pressed against one side of a rotating disc [37, 40]. However, none of the previous 
small scale studies has tried to implement a caliper, thereby allowing the pads to be 
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applied to both sides of the disc simultaneously which represent the real world 
configuration of an automotive brake. 
The main use of reduced scale brake dynamometers in industry is to produce a set of 
data describing the variation of the friction coefficient between friction materials and 
rubbing surfaces as a function of contact pressure, sliding velocity and temperature. 
This data is typically then utilised in the computer-aided engineering and design process 
[37] in order to validates the models afterward used to predict performance. Other 
industrial research applications include heat dissipation and thermal analysis [42, 45] 
and wear testing [43]. The range of applications of small scale brake dynamometers 
differs more commonly in the research community. The ability to accurately represent a 
full scale brake setup is potentially desirable and considerable effort has gone into the 
validation of test results obtained from reduced scale dynamometers [37, 46, 47]. 
Although the temperature distribution and the maximum working temperature of the 
conventional cast iron disc have been extensively studied, the thermal characterisation 
of lightweight disc brakes requires further investigation. To enable the automotive 
industry to widely use a lightweight disc brake in order to produce more economical and 
environmentally friendly vehicles, more research is needed to investigate its thermal 
behaviour. 
Many researchers have investigated the thermal performance of lightweight disc brake 
rotors using different methods [5, 7, 12, 16-18, 20] but only a few of them have 
investigated their thermal performance based on an optimisation analysis approach [19]. 
Taguchi defined the design of experiment as the means to evaluate all possible methods 
of process or design to reach the desired objective, both efficiently and reliably. A 
Taguchi analysis has been used by Grieve et.al [19] to find the effects of various disc 
brake parameters on thermal performance. This result have then been used to optimise 
the design of lightweight disc brake rotor [19] to reduce its weight and improve thermal 
performance. In any optimisation problem, optimisation involves adjusting the input 
design variables annotated with a selected output response to locate the best possible 
combination [48]. It is too difficult to carry out numerical tests for every combination of 
design variable, so under these circumstances meta-modelling is used. This necessitates 
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carrying out simulation analyses at certain sample points in the design space and fitting 
a predictable response surface which is then utilised in the optimisation analysis [48].  
In the present study, the assumptions underlying the scaling process are outlined before 
deriving the equations required to give equivalent thermal performance between the 
small and full scale brake. An existing full scale brake dynamometer is then described, 
followed by the derivation of the design parameters of the equivalent small scale 
system. Small scale solid brake rotors, machined from blocks of cast iron, wrought 
aluminium alloy and a 40% SiC reinforced aluminium metal matrix composite (Al-
MMC), are used in the experimental analysis. Several of the wrought alloy and Al-
MMC rotors were then subjected to a PEO coating process. The PEO coatings for both 
aluminium alloy and aluminium metal matrix composite were carried out by the 
Keronite Company. Both coated and uncoated rotors were subjected to a demanding 
series of brake applications using both small scale and full size brake dynamometers 
during which the maximum temperature on the surface of each rotor was measured with 
a rubbing thermocouple and high speed thermal camera.  
Alongside these experimental studies, numerical simulations were also conducted to 
predict the sub-surface temperature distributions within the rotors. The thermal 
modelling of the disc brake rotor using different modelling approaches was investigated 
and validated with the experimental results obtained. Material characterisations of the 
coated disc brake rotors before and after the braking tests were conducted using 
different techniques to evaluate the coating durability and performance. 
A Taguchi analysis was carried out for the small scale disc brake rotor to investigate the 
effect of various factors on the maximum surface temperature. A sensitivity analysis 
based on the Taguchi approach was conducted to investigate the effect of various 
parameters on the thermal performance of a typical disc brake. A genetic algorithm 
optimisation was subsequently performed for the selected coated aluminium disc brake 
rotor to find the optimum thickness of the coating and the substrate.  
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1.2 Research aim and objectives 
1.2.1 Aim  
The overall aim of this research is to investigate the possibility of replacing the 
conventional cast iron disc with a lightweight alternative effectively with short time and 
low cost. 
1.2.2 Objectives 
The above aim is realised through delivery of the following objectives: 
1. To develop and validate a one dimensional thermal model with published and 
experimental results to help in understanding and designing small scale disc 
brake dynamometers.  
2. To carry out a parametric study using the 1D numerical model to find the effect 
of various parameters on disc brake thermal performance.  
3. To design, develop and commission a small scale brake dynamometer to 
complete a representative test matrix which assesses the thermal performance of 
lightweight disc brake rotors against the conventional grey cast iron. 
4. To develop numerical models (2D and 3D) for the disc brake rotor using a finite 
element approach, validated against experimental results.  
5. To characterise the surface of the brake rotor before and after typical braking 
cycles.  
6. To simulate the effect of various disc brake parameters on thermal performance 
and so optimise the design of coated lightweight disc brake rotors. 
7. To develop a representative finite element thermal model of the optimum design 
and undertake a quantitative analysis of the performance.  
1.3 Structure of remainder of thesis 
Chapter 2 provides a brief description of brake system fundamentals and thermal 
modelling in general. It also gives a review of literature relevant to the present study 
which covers thermal modelling, lightweight materials for disc brake rotors, coating 
techniques, disc brake thermal performance and characterisation of materials. 
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Chapter 3 describes the material characterisation methods used in the current study to 
analyse the coated lightweight materials before and after braking tests. The Chapter 
includes descriptions of all the equipment used to evaluate the disc brake substrate and 
coating. 
Chapter 4 introduces one dimensional thermal modelling of disc brake rotors using 
different approaches. It includes the derivation of the one dimensional numerical 
equation used to evaluate the temperature across the thickness of the disc. Furthermore, 
coating modelling techniques are introduced in this Chapter along with a parametric 
study of disc brake rotors.  
Chapter 5 presents the scaling methodology approaches used in the current research. 
The design of the small scale test rig is explained in detail with the description of the 
conventional brake dynamometer. In this Chapter all of the experimental equipment 
used for the braking tests is explained. 
Chapter 6 presents the two and three dimensional finite element models for the 
transient heat transfer analysis of the small and full scale disc brake rotors using Abaqus 
software. The detailed boundary conditions and steps are explained. In addition, 
sensitivity analysis for each model was carried out to choose the optimum mesh size. A 
comparison between the two models (2D and 3D) is explained and presented.  
Chapter 7 describes the representative test matrix which is based on appropriate SAE 
standards. Also, the general setup for the experiment, the equipment calibration and the 
commissioning procedure are explained for the small and full size test rigs. The 
experimental results for the various disc brake rotors are presented in detail using the 
developed test matrix. 
Chapter 8 presents the material characterisation of the various disc brake rotors used in 
the braking tests before and after the tests. It provides an overview of the surface texture 
and the durability of coating. In addition, it reports the overall characteristics of the disc 
brake rotors after braking. 
Chapter 9 describes the Taguchi analysis used to find the optimum coating and 
substrate thickness for lightweight coated disc brake rotors. A design of experiment 
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based on the Taguchi study is explained and used to find the best distribution of the 
design points. 
Chapter 10 presents the main conclusions which can be drawn from the overall results 
of the research and also provides recommendations for future work. 
 CHAPTER 2:  
LITERATURE REVIEW 
2.1 Overview 
The introduction of lightweight disc brakes has the potential to have an impact on the 
automotive industry. The main advantage of using, for instance, Al-MMC (aluminium 
metal matrix composite) instead of conventional cast iron, is that it reduces the weight 
of the vehicle. This will also reduce fuel consumption and emissions. In this Chapter, a 
number of different areas are investigated and studied in order to give the background 
necessary to achieve the aim of the research. These areas are as follows: Disc brake 
thermal analysis, design of experiment, optimisation analysis, coating technologies, 
scaling methodologies and disc brake materials. An overview of the literature review is 
shown in Figure 2.1. 
A review is given of the methods used by researchers to investigate the thermal 
performance of a lightweight disc brake rotor with an appropriate coating. Different 
techniques and approaches were assessed and reviewed in order to help in the 
development of the future generation of lightweight disc brake rotors. Experimental 
approaches to validate the numerical modelling were investigated to find the best 
approach to assess the disc brake thermal performance. Finally, a summary of the 
findings from the literature are presented and explained. 
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Figure 2.1: Literature review overview 
2.2 Disc brake system overview 
The first disc brake assembly was invented in 1902 by an English engineer named 
Frederick William Lanchester and used in Lanchester cars. Lanchester patented his 
invention and described his patent as a metal disc [49, 50]. This metal disc consisted of 
a rigid leaf of metal, attached to the back of each wheel of the vehicle, which was then 
pressed upon by a pair of claws in order to slow down the vehicle. In the period 
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between 1894 and 1896 an American inventor called Elmer Ambrose Sperry invented 
an electromagnetic disc. This system consists of a magnetic brake (disc) which is placed 
in contact with another disc to apply a braking torque. However, the first reliable disc 
brakes were developed in 1953 by the Dunlop Company.  
There are many key criteria that should be met when either specifying or designing 
brake assembly materials. These are as follows: good strength, good corrosion strength, 
low noise, low weight, good thermal conductivity, long durability, low wear rate, steady 
friction and a reasonable cost ratio. Currently, within commercially available brake 
components there are more than 2000 types of material in use [49, 50]. 
The main purpose of a brake system is to slow or stop the wheels of a vehicle by 
engagement of friction at the rotor-stator interface. The brakes convert the kinetic 
energy of the vehicle, via rotation of the wheel, into heat energy which is dissipated in 
the brake. Numerous devices in modern vehicles have improved braking capability. In 
order to understand the brake system, and before looking at the individual components 
and construction of such a system, it is essential to understand its overall design and 
operation. The main components of any brake system are as follows: Brake pedal 
assembly, master cylinder, brake booster, brake lines, wheel brake assemblies and 
emergency or parking brake (see Figure 2.2 [51]): 
The basic brake system operation is as follows: When an actuation force is applied to 
the brake pedal, this causes the lever action to push a rod into the brake booster and 
master cylinder which produces hydraulic pressure. The hydraulic pressure is 
transmitted through the brake lines into the brake assemblies which use the pressure to 
generate friction for braking. There are two common types of brake system: Disc 
brakes, in which uniform pads are compressed against a circular disc which is attached 
to the wheel and drum brakes in which rounded contact surfaces are pressed by force 
outwards against the internal diameter of a drum, see Figure 2.3. In this research, drum 
brakes will not be considered or discussed [51].  
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Figure 2.2: Basic components of an automotive brake system [51]. 
 
Figure 2.3: Schematic diagram of both disc and drum brakes [51]. 
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The disc brake system is used in this research because of the many advantages that it 
has over the drum brake system, most notably its ability to generate a stable braking 
torque. Most disc brake rotors are made of cast iron, but with the development of 
government legislation, the automotive industry has tried to reduce the weight of the 
brake system by finding an alternative material for rotors which can tolerate severe 
service conditions, for example, high load, velocity, temperature and environment [51]. 
The main components of a disc brake are as follows:  
 Calliper: The calliper structure is eventually part of a hydraulic clamp that 
provides the means through the pads and brake pistons are locates relative to the 
disc. It has sufficient strength and rigidity to react all the applied loads including 
the in-plane friction force, generate at the rotor-pad interface, that in reacted 
through the pad backplate- calliper abutment. 
 Brake pads: These comprise a steel backplate and friction material that is pushed 
against the disc due to the action of the piston, master cylinder and calliper 
cylinder. 
 Rotor (disc): A metal disc, usually made of cast iron, that is used to stop or slow 
down the vehicle by means of friction. The rotor is attached to the wheel hub 
usually through some sort of “top-hat” arrangement. 
2.3 Thermal analysis of rotors 
During braking the kinetic energy of the vehicle is transformed into thermal energy due 
to frictional sliding. This energy transfer causes the disc and brake pad temperatures to 
rise due to the friction between the contact interfaces. Many studies have been 
conducted in the field of thermal analysis; these studies fall into two categories, either 
numerical analysis or experimental analysis. In this section the area of thermal analysis 
for disc brakes will be discussed and investigated in detail. A considerable amount of 
research work has been conducted in the area of disc brakes which deals with the 
thermal behaviour by developing different models that predict the temperature 
distribution through the brake system. These investigations provide a very 
comprehensive understanding of the disc brake thermal behaviour which helps in brake 
system design and material selection for the disc brake.  
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2.3.1 Simple one-dimensional analysis 
Newcomb [9] studied the transient thermal analysis of a disc brake. The model was 
developed to predict the transient temperature at the friction surface of the disc brake, 
during constant deceleration braking. Experimental results were compared with the 
numerical results obtained from the 1D model. The experimental results were measured 
using a commercial infra-red radiation pyrometer. It was found that the calculated 
temperature was higher than the experimental temperature by about 15%, possibly 
attributable to the fact that the model did not take into account the cooling losses. In 
addition, Newcomb [10] investigated the thermal analysis of the disc to find the 
transient temperatures during braking at uniform deceleration. It was assumed that all 
the frictional heat flows into the disc. In this study both cooled and uncooled discs were 
considered and the numerical results obtained from the analysis were compared with the 
experimental results at the friction surface during a single brake application. In addition, 
a comparison was made between a disc and drum brake for repetitive braking at regular 
intervals under similar conditions. The results show a good agreement with only 15% 
difference of the surface temperature; this modelling could be improved in order to 
simulate real braking events and also to predict the exact temperature. Also the effects 
of radiation may be included which will have an effect on the surface temperature [9, 
10].  
Temperature distributions in the rubbing path and the mounting flange of a disc brake 
were calculated by Abbas et al. [11]. The calculated results were based on two cases of 
braking: the first case was a single brake application (transient temperature distribution) 
and the second case was a repeated brake application (steady state condition). The 
numerical equations were derived and the results were compared with experiment. The 
numerical results showed a very good agreement with the experimental results [11]. 
Rowson [52] derived the equations for the surface temperatures of the friction material 
and the disc brake in order to show how they are interrelated. The surface temperature 
rises were calculated for the bulk surface and for the real contact area by making some 
assumption regarding the heat generated during braking. The calculated results were 
compared with the observed results for both the bulk surface temperature and the 
temperature at the real contact area. Rowson found that the calculated results gave a 
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good agreement with the observed results. However the model could be improved in 
order to predict the surface temperature for different braking events. Rowson assumed 
that all the heat goes into the disc but in reality the heat is transferred to both the disc 
and the pad with a ratio that depends on the material properties of both the disc and pad 
[52]. 
The paths and amounts of heat flow have been determined experimentally by Yano and 
Murata [53]. Repeated braking was applied in this study until a quasi-saturation 
condition (stable condition) was reached. The authors were interested in the flow of heat 
under such conditions. They considered the following routes for heat transfer: Heat 
conduction through the pad and rotor flange, heat convection to the air from the friction 
area on both sides of the disc, heat convection from the top hat section of the rotor and 
finally heat convection from the ventilated parts. In this experiment a medium sized 
truck was used and the analysis was performed for the rear wheel brakes. It was found 
that 70% of the heat was transferred to the air from the rotor rubbing surface while 10% 
was transferred from the ventilated section. Finally, the authors suggested some 
modification to the fins and ventilation section air flow and the addition of a baffle plate 
which would improve brake cooling by 20% [53]. 
Sakamoto [54] investigated the heat convection from a disc brake using both theoretical 
and experimental approaches. Using the basic equation of heat convection with the 
measured flow volume and brake test data, the cooling efficiency of a ventilated disc 
was investigated. It was found that the cooling efficiency and the maximum temperature 
could be estimated from the cooling rate data. The disc design parameters, namely the 
heat convection area, heat transfer coefficient, disc mass, and specific heat, were used to 
derive the cooling coefficient. The maximum temperature calculated from the derived 
equation was in very good agreement with the experimental temperature. It was 
concluded that when designing brake discs the heat convection area is more important 
than the number or thickness of the fins [54]. 
In order to understand the convection through the brake rotor fins, Mcphee and Johnson 
[14] examined the validity of various numerical and experimental approaches. In the 
experimental approach two different aspects were studied: The first was the assessment 
of heat transfer and the second was the assessment of fluid motion. In this experiment it 
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was assumed that both conduction and radiation are negligible. Three different 
rotational speeds for the rotor were used: 342, 684 and 1025 rpm which give fin 
convection heat transfer coefficients of 27, 52.7 and 78.3Wm
-2
K
-1
 respectively. It was 
found that the analytical results were very similar to the experiment results. This study 
gives a better understanding of the convection heat transfer coefficient and the potential 
for future developments to improve the overall performance by assessing the localised 
heat transfer [14]. 
Jun et al. [13] investigated the maximum temperature of disc brakes and brake fluid 
during the Alpine test. The Alpine test is carried out in this research to detect the 
temperature change in brake parts during a high mountain descent (see Figure 2.4). As a 
result of continuous or repetitive braking, the brake system experiences a rapid 
temperature change, which can lead to symptoms such as fade, thermal judder and 
thermal lock. In the study by Jun et al. [13], a numerical method for predicting the 
temperature change is proposed by using frictional heat division and one-dimensional 
heat transfer analysis. The Alpine test results were validated by comparison with 
reported experimental data and they showed very good agreement. The equation used to 
find the division ratio of the heat flux is not suitable for repetitive or continuous braking 
because of the following factors: Cooling by convective heat transfer and thermal 
contact resistance between the pad and the disc. This is why Jun et al. [13] present the 
heat flux correction factor which is an arbitrary calculated value. This study investigated 
the temperature change in various brake parts using a one-dimensional model, thus 
avoiding use of a more detailed model (three-dimensional model) which would have 
been time consuming. The results show a very good agreement with experimental data. 
However different braking events and materials need to be evaluated in order to fully 
validate the model [13]. 
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Figure 2.4: Calculated temperature rise of the brake components during the 
Alpine test [13]. 
An investigation into the thermal behaviour of both disc and pad was carried out by 
Talati and Jalalifar [15]. The governing transient heat equations were derived in terms 
of time and space. In their study many parameters were taken into account, such as 
vehicle velocity, duration of braking, geometry and dimensions of brake components, 
materials of both disc and pad and contact pressure distribution. It was found that in 
order to avoid a rise in temperature for different brake components and to avoid 
decreasing the friction coefficient between disc and pads, the heat generated should 
ideally be dissipated to the environment. In Talati and Jalalifar [15], the surface 
temperature was investigated for both disc and pad brakes. The model developed is 
capable of predicting the temperature in the radial direction for two different conditions, 
namely uniform pressure and uniform wear. It was found that the predicted 
temperatures have a very good agreement with the literature results, especially when 
assuming uniform wear. The results obtained from the model should be validated with 
experimental results different from the literature results in order to test the model, 
especially for the temperature distribution within the pads. Also, taking different 
braking events into account will give a better understanding of the temperature 
distribution during braking [15]. 
Chapter 2: Literature Review  19 
__________________________________________________________________________________________________________ 
2.3.2 Finite element analysis 
Day et al. [55] investigated the pressure distribution at the brake rubbing interface. The 
pressure distribution effects can be divided into bulk temperature effects and 
macroscopic thermal effects. The bulk temperature effects consist of thermal expansion, 
temperature and wear effects, while the macroscopic thermal effects relate to rotor 
surface damage and banding. Finite element methods were used in this research using a 
two-dimensional axisymmetric model. It was found that the interface pressure 
distribution has an effect on the friction interface temperature in brakes. Also the 
authors noticed that thermal problems occur when applying high amounts of frictional 
heat generation quickly to a cold friction pair. Finally, it was noted that there is much 
work still to be done in the area of interface contact, pressure distribution, frictional heat 
dissipation and generation of frictional heat [55]. 
Thermo-mechanical finite element model was developed by Brooks et al. [56] to 
investigate the brake judder. The interaction between the friction material and the rotor 
was studied as a function of time including the change in contact between the rubbing 
surfaces. In the finite element model, the rotating heat source was considered which is 
applying heat flux on the rotor surface node that underneath the pad and permit 
conduction of heat across the interface. Based on the fully coupled finite element model, 
the localised thermo-elastic instability at the interface of a disc brake friction pair has 
been successfully simulated. 
Grieve et al. [19] investigated ways of reducing vehicle weight by using aluminium 
metal matrix composite brake discs instead of cast iron. However, aluminium metal 
matrix composites have a much lower maximum operating temperature compared to 
cast iron. A three dimensional finite element model was developed in this study for the 
existing design for both cast iron and an aluminium metal matrix composite in order to 
find the peak disc temperature during two different brake tests. The finite element 
models were developed using the Abaqus software package. Taguchi analysis was used 
to analyse all the critical design and material factors for an aluminium metal matrix 
composite. From the results, material combinations and suitable designs for a prototype 
front brake disc were defined that can be applied to small or medium passenger 
vehicles. It was found that using both finite element models and a Taguchi analysis 
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provide an excellent approach to finding an optimum Al-MMC brake disc. According to 
the Taguchi analysis it was found that the main factors in designing an optimum Al-
MMC brake disc are: cooling rate to the disc surface, conductivity of disc material and 
cheek thickness. It was concluded by Grieve et al. [19] that Al-MMC brake discs can be 
used with appropriate modifications to the disc material and design. 
Voller et al. [45] investigated disc brake cooling characteristics experimentally and 
numerically. As called spin rig was developed to obtain experimental results to compare 
with the numerical results obtained from the three dimensional finite element (FE) and 
computational fluid dynamics (CFD) models. In Voller et al. [45] , conduction, 
convection and radiation heat transfer modes were all analysed. The effects of brake 
cooling parameters on disc brake temperature were investigated using the FE model. It 
was found that there is a slight change in the emissivity during the brake application. 
The spin rig was a very useful piece of equipment for investigating all modes of heat 
dissipation. However it was concluded that further investigation and improvement to the 
existing rig is needed to improve the brake disc heating system. 
In order to study the thermal and mechanical interactions between the disc brake and 
pad during braking, a finite element analysis method was used by Eltoukhy et al. [57]. 
The temperature on the rubbing surface between the disc and the pads was predicted. In 
addition the thermo-elastic behaviour of the disc material properties was examined by 
comparing various types of brake disc material, namely grey cast iron, Al2O3 Al-MMC 
and SiC Al-MMC (ceramic brakes). It was found that the results attained from the finite 
element model were similar to the experimental results reported by Cueva et al. [57, 
58]. 
Amin et al. [12] investigated the temperature distribution in disc brakes by using the 
method of order-of-magnitude analysis which was originally proposed by Ludwig 
Prandtl. The temperature distribution equations were developed for the disc brake 
radially, axially and circumferentially with respect to time in three dimensions. The 
temperature equations were analysed using the method of order-of-magnitude analysis 
in order to find the relative importance of the three directions in calculating the 
temperature variation. The results obtained from this approach were compared with the 
results obtained previously from the literature and found to have a very good agreement. 
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Thermal stress, thermal cracking and warping in disc brakes could all be included in the 
proposed approach. As a result, the order of magnitude analysis can be used to predict 
the essential directions of heat flow in a disc brake [12]. 
The brake system is one of the main and essential parts in any vehicle, and so, in order 
to improve brake system design, there are many safety and legal requirements to be met. 
Zaid et al. [8] investigated a ventilated disc brake rotor of a normal, fully loaded 
passenger vehicle. In order to predict the heat, temperature distribution and behaviour of 
the disc brake rotor, transient finite element analysis approaches were used. Overall, 
Zaid et al. [8] give a better understanding of disc brakes and of their thermal behaviour 
which could improve and optimise the design of effective disc brake rotors. 
Zhu et al. [59] investigated the change in the temperature field for brake shoes under 
emergency braking conditions for a hoist. A three dimensional theoretical model was 
developed according to the law of energy distribution and transformation, the theory of 
heat conduction and operation condition of a mining hoist‟s emergency braking. In 
addition, by using the integral-transform method, an analytic solution for the 
temperature field was developed. The authors validated the results obtained by the 
proposed method with numerical simulation and experimental research. It was found 
that the simulation results displayed a good agreement with the experimental results 
which indicates that the integral-transform method is suitable for solving the theoretical 
model of three dimensional transient temperature fields [59]. 
Hwang and Wu [60] investigated thermal stress and temperature behaviour in a 
ventilated disc brake throughout single braking. Using a multi-body technique and a 
thermo-mechanical coupling boundary condition, a three-dimensional model was built 
which represented the ventilated pad-disc assembly. The braking test was carried out for 
constant deceleration until the disc velocity reached zero from a certain value. In order 
to validate the results the authors carried out an experimental investigation. It was found 
that, because of the thermal expansion, caused by the temperature field, a transient 
variation of contact pressure distribution occurs. Simulation results were seen to be in 
very good agreement with the experimental results [60]. 
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Alsaif et al. [17] used a plasma electrolytic oxidation (PEO) technique to obtain a hard 
aluminium oxide coating on a lightweight aluminium alloy brake rotor. A full-size PEO 
treated aluminium metal matrix composite (70% AA6061, 30% SiC) vented brake rotor 
was investigated theoretically and experimentally. A simple one-dimensional theoretical 
approach and a detailed finite element analysis were used in order to investigate the heat 
flow from the friction interface into the rotor. A conventional grey cast iron rotor, an 
uncoated aluminium MMC rotor and a PEO-treated MMC rotor were investigated using 
back-to-back full-scale dynamometer tests. The three rotors had the same ventilated 
design. From the results it was noticed that the surface temperature of the PEO coated 
rotor rose more rapidly than either the uncoated MMC or the cast iron rotor, but it was 
found that the coated rotor was able to withstand a surface temperature of over 500
o
C 
without any loss of performance or surface deterioration. The study by Alsaif et al. [17], 
suggests that a lightweight alloy brake rotor could be more widely used in road vehicles 
as it was found that the PEO treatment gives a thermal resistant layer. Further 
investigations are required to optimise the pad composition to improve the friction 
performance. Also it is necessary to show the long-term durability and corrosion/wear 
resistance of the PEO treated rotor surface before a production prototype can be 
designed [17]. 
2.3.3 Experimental analysis 
Lightweight material is the main target for the automotive industry in order to reduce 
the total weight of the vehicle, which will reduce fuel consumption. Recently, several 
pieces of research have been conducted in the field of lightweight disc brakes and the 
thermal performance of the materials. Different materials and coating techniques have 
been investigated by different researchers. Dahm et al. [20] used an environmentally 
friendly technique for applying an aluminium oxide (Al2O3) coating to lightweight disc 
brake rotors by using the plasma electrolytic oxidation (PEO) technique. The authors 
indicate that the PEO method is cheaper than using a thermal spray method. Two small 
scale aluminium alloy (AA6082 and AA7075-T6) rotors were PEO treated. Small scale 
dynamometer tests were performed on the small scale samples and compared with a 
standard cast iron rotor using standard non asbestos organic pads. It was found that the 
coefficient of friction (COF) for the AA6082 PEO treated rotor was 0.30-0.33 and for 
AA7075 was 0.25, compared to 0.50 for a standard grey cast iron rotor when sliding 
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against a standard non-asbestos organic friction material. The results show that the COF 
values for the PEO treated rotor were similar to the COF obtained for thermally sprayed 
Al2O3. Also they show that all three surface engineered rotors have a very stable COF. 
According to these results the PEO technique is more appropriate for aluminium alloy 
disc brake rotors than the thermally sprayed Al2O3 coating [20]. 
Qu et al. [21] investigated the possibility of using an oxygen diffused titanium rotor 
instead of the conventional cast iron rotor. Titanium alloy has several advantages over 
the cast iron material which are as follows: Good strength, corrosion resistance, lighter 
than cast iron, also the titanium alloy friction and wear behaviour can be improved. 
Experiments have been done in order to compare the oxygen diffused titanium rotor 
with different materials using a sub-scale brake tester against a flat block of commercial 
brake lining. The treated titanium showed very good results compared with the 
untreated titanium, titanium based metal matrix composite and a thermal spray coated 
Ti alloy. The results showed that the treated titanium has a very good friction coefficient 
level with excellent fade resistance. Also the treated titanium had the best braking 
performance of all the different specimens. Finally the lining material used in this 
investigation was not designed for titanium rotors therefore the titanium rotors may not 
display their best performance. Qu et al. [21] investigated different titanium alloys 
without comparing the results with the conventional cast iron in order to have a better 
understanding and comparison. Small scale discs were used in this research without 
taking into account the effects of scaling. 
2.4 Scaling methodologies 
Testing is needed in order to evaluate the functionality of any brake system and to 
characterise different friction materials or designs. Brake dynamometers are widely 
used in the automotive industry to investigate and evaluate brake system design and 
components and reduced scale dynamometers are employed in order to save time and 
money. Full scale brake dynamometer testing is costly and time consuming. Using a 
reduced scale brake dynamometer is another way of testing the brake system which has 
many advantages over the full scale dynamometer, which are short time, lower cost and 
the production of more accurate results through the elimination of the full scale 
hardware effects. Attention to detail is required when carrying out the scaling process as 
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there are many parameters which may need to be tuned in order to generate accurate 
results. 
A reduced scale dynamometer was developed by Sanders et al. [37] in order to find the 
frictional characteristics of lining material. It was assumed that the energy input per unit 
contact area is constant for both the full scale and reduced scale dynamometer. The 
scaling relation was chosen first in order to begin the scale dynamometer design. In 
order to obtain constant energy dissipation a scaling parameter by pad area was chosen. 
Some parameters, which were assumed to be similar for both full scale and a reduced 
scale, are sliding velocity, pad pressure and temperature. The friction coefficient was 
measured as a function of these parameters. The use of thermal mass scaling is very 
important in attaining equality for the temperature rise of the full scale and the reduced 
scale dynamometer. A comparison between the full and reduced scale dynamometers 
was made which showed a very good agreement in the results. It was found that the 
reduced scale dynamometer has the potential to become an important lining screening 
and design tool [37]. 
Kermc et al. [40] investigated brake friction material in order to determine brake system 
performance by using a reduced scale testing machine. The main goal in their research 
was to measure the friction coefficient as a function of pad pressure, sliding velocity 
and temperature, under the same conditions as real systems. This required that previous 
parameters were kept constant in the scaling in order to produce a one-to-one 
comparison. A reduced scale testing machine was designed and developed to replicate 
the same operating conditions as in a real braking event. The results generated from the 
reduced scale test machine were compared with the results obtained from a standard test 
machine and showed a very good agreement [40]. Furthermore, Kermc et al. [46] used a 
reduced scale testing machine that was designed and developed to investigate a ceramic 
based brake material. The new reduced scale test machine was capable of operating with 
different conditions. The operating parameters, such as pressure, speed, temperature and 
energy density, were equivalent to those in real braking events. Different material 
combinations investigated were a carbon ceramic composite against a metal matrix 
composite and conventional grey cast iron against a metal matrix composite. The 
reduced scale test results showed good agreement with the full scale testing machine 
results obtained previously. 
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Neis et al. [61] investigated the difference between temperatures measured by 
thermocouple and by infra-red thermography in order to define a relation between the 
two. In this research a reduced scale dynamometer was used which had the advantages 
of low cost and a shorter running time. The thermocouple was positioned 1mm inside 
the disc from the surface and a thermographic camera was used to find the gradient 
temperature on the contact surface. Two different materials were used for the friction 
material (pad) while the disc brake was made from conventional grey cast iron. The 
experiments were evaluated for different conditions of velocity and torque. The results 
showed that in the region of localized heating, with the heating rates recorded by the 
thermocouple, there was a good agreement between the thermographic images on the 
disc and the curves of temperature for the thermocouples. The occurrence of localised 
heating areas as identified by the thermographic images proved that there was irregular 
contact between the friction pair. From this study it should be noted that it is important 
to take special care when finding the final temperature of braking using thermocouples 
because of the presence of localised heating areas on the disc surface which may affect 
the result [61]. 
Various studies have been undertaken in the area of scaling methodologies. It was found 
that most of them use the same scaling process with some type of modification to suit 
their need. In the current research the process used by Sanders et al. [37] will be used 
with some modification to suit the existing test rig. Sanders et al. [37] suggest that a 
scaling factor of approximately 10 is suitable for cars and 15 for trucks. On the other 
hand, Kermc et al. [46] suggest that the scaling factor is dependent on the design 
simplicity, cost and practical concerns.  
2.5 Investigation of disc brake rotor material 
In designing and developing any brake system, the material selection plays a very 
important role as it defines the limits and performance of the brake system. The main 
parts in the brake system are the disc and pad. These parts are directly responsible for 
reducing the vehicle speed or stopping the vehicle. Many properties and parameters 
should be considered when choosing the pad and disc material. In this section the 
material selection process and an overview are presented in brief. 
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Three types of cast iron used in disc brake rotors (grey iron grade 250, high-carbon grey 
iron and titanium alloyed grey iron) were studied for wear resistance, and the results 
obtained were compared with a compact graphite iron (CGI) by Cueva et al. [58]. A 
pin-on-disc-wear-testing machine was used to carry out the wear tests. The discs were 
exposed to three different pressures, 0.7, 2 and 4MPa. The wear was assessed by 
measuring the weight of the disc before and after each test. It was found that, at any of 
the applied pressures, the CGI had a greater mass loss compared to the three cast iron 
discs. In addition, they found that with a lower applied pressure and the same friction 
force the CGI had the same performance as the cast iron discs [58]. 
A review of material modelling of different brake components was carried out by 
Barton [62]. In the review different aspects of brake system material were discussed. In 
the process of choosing a material for pad and disc, there are many issues that should be 
considered, namely high maximum operating temperature, resistance to the mechanical 
force, low thermal conductivity to minimise heat conduction, wear resistance, low cost, 
and ease of production. Most automotive industries still use grey cast iron for disc 
brakes. However, trials have taken place with lightweight materials, such as metal 
matrix composite (MMC) or ceramic matrix composite (CMC), in order to reduce the 
total weight of the vehicle. No existing pad friction material satisfies all the criteria and 
thermal properties, so this is why researchers use a complex composite which contains 
different particles, fibres, fillers and binders in order to meet the requirements. 
However, the process of friction material formulation is time consuming because it 
depends on trial and error, commonly referred to as „black art‟. Furthermore, some 
research has been conducted in order to understand and predict the thermal and 
mechanical properties of a composite. Some work was reported with regard to a coated 
MMC disc which showed potential for use as a lightweight disc of the future. It was 
concluded that micromechanical  modelling material for a brake system is too difficult 
because of the complex non-linear thermo-mechanical interface which occurs at the 
rubbing interface [62]. 
Maleque and Rahman [63] developed a method for material selection in order to select 
the optimum lightweight material for disc brake application instead of the conventional 
cast iron disc. A digital logic method and cost per unit property were used for the 
selection of the materials. Different materials were analysed and evaluated, among them 
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cast iron, titanium alloy, aluminium alloy, ceramic and composites. During the material 
selection stages the key parameters used were compressive strength, wear resistance, 
friction coefficient, specific gravity, thermal conductivity and cost. As a result of this 
study it was found that the most suitable material for the brake disc system was the 
aluminium metal matrix composite [63].   
2.6 Aluminium alloys  
2.6.1 General background 
Aluminium alloys are commonly used for components which require low weight 
materials with high strength. Different industries use aluminium alloys as alternatives 
for reducing weight with competitive cost [64]. Aluminium, as an element, forms about 
8% of the earth‟s crust after oxygen and silicon [65, 66]. It was first discovered as a 
metal by Sir Humphrey Davy (1778-1829). It has been used widely in the industry, after 
steel, because of its lightness and good mechanical properties. Over the last 120 years, 
the production of aluminium has increased dramatically, as shown in Figure 2.5. The 
main limitation of aluminium alloys is their tribological behaviour which limits their 
more widespread use. 
 
Figure 2.5: History of aluminium production in main countries and regions since 
1950 [67]. 
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2.6.2 Aluminium alloys classifications and properties 
Based on the type of manufacturing process, aluminium alloys are classified into two 
main groups, which are wrought and cast aluminium alloys. The International Alloy 
Designation System (IADS), developed by the Aluminium Association in the USA, 
identifies aluminium alloys by a four digit number. There are eight aluminium alloy 
series that identify the type of aluminium, as shown in Figure 2.6. The main alloying 
elements and properties of each series are shown in Table 2.1 for the wrought 
aluminium alloys. 
The best known characteristic of aluminium is its low mass density; aluminium metal 
has an atomic weight of 26.98 and a density of 2.7 g/cm
3
. This makes aluminium one 
third the mass of most other commonly used metals except titanium and magnesium. In 
addition, the thermal conductivity of pure aluminium is 244 W/mK for the temperature 
range 0-100
o
C, this is because of its low density. Moreover, aluminium has a higher 
resistance to corrosion because of the thin film of oxide which is always present due to 
oxygen in the atmosphere [68]. 
 
Figure 2.6: Aluminium alloy designation system [68]. 
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Table 2.1: Wrought aluminium alloy series features [64]. 
The coefficient of thermal expansion of alloys depends on the nature of their 
composition; the presence of silicon and copper reduce the expansion while magnesium 
increases it. The melting point of pure aluminium at atmospheric pressure is 660
o
C. The 
addition of alloying elements reduces the melting temperature to around 500
o
C for some 
alloys [68]. 
Alloy series General features 
1XXX 
- Non heat treatable 
- Low mechanical strength and high ductility 
- Excellent corrosion resistance 
- High electrical conductivity 
2XXX 
- Heat treatable 
- Very high mechanical strength 
- Low corrosion resistance 
3XXX 
- Non heat treatable 
- Moderate mechanical strength and high ductility 
- Excellent corrosion resistance 
4XXX - Non heat treatable 
- Used in architectural applications 
5XXX 
- Non heat treatable 
- Can be strengthened by cold work 
- Effectiveness of cold work hardening increased when 
magnesium content increased 
6XXX 
- Heat treatable 
- High mechanical strength and good formability 
- Good corrosion resistance 
7XXX 
- Heat treatable 
- Poor corrosion resistance 
- Cast properties are poor 
- Good machinability 
- Highest mechanical strength when heat treated 
- Good weldability and formability 
- Good dimensional stability 
8XXX 
- Heat treatable 
- High modulus of elasticity 
- Good weldability and high specific stiffness 
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2.6.3 Aluminium alloys applications 
There are many advantages to using aluminium alloys in industry, due to their varied 
and attractive properties, such as low density (2.7 g/cm3), ductility and tensile strength 
of around 90 MPa at 25
o
C. These shows that aluminium has a high resistance to failure. 
As explained earlier, since aluminium naturally has a thin oxide film on its surface, it 
has a good resistance to atmospheric corrosion. One of the important properties of 
aluminium is its high thermal and electrical conductivity which leads to its wide use in 
the building and construction industries. Figure 2.7 show the main applications of 
aluminium alloy. It shows that the main industry using aluminium alloys is 
transportation because of its properties, and particularly because of its lightweight. 
Various industries are looking for alternatives to conventional materials especially in 
relation to the strong demand to tackle economic, safety and environmental issues. This 
implies a strong requirement to replace conventional steel and cast iron materials with 
lightweight alternatives. However, the properties of aluminium alloys cannot meet the 
demands of the automotive industry due to their low hardness value, low melting points 
and wear resistance. Therefore, surface treatments are very important in enhancing the 
surface of the aluminium alloy to withstand the rigours of various applications. 
Different coating technologies have been developed and improved to overcome these 
difficulties. The next section gives an overview of the main role of surface engineering 
in improving the aluminium alloy substrate. 
 
Figure 2.7: World consumption of aluminium by application [69]. 
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2.6.4 Surface engineering on aluminium alloys and aluminium metal matrix 
composite 
The term surface engineering is defined by the ASM handbook as the “treatment of the 
surface and near-surface regions of a material to allow the surface to perform functions 
that are distinct from those functions demanded from the bulk of the material” [70]. 
Many studies in the field of surface engineering have been carried out in order to 
enhance a material‟s resistance to corrosion and wear. Statistics show that the surface 
engineering industry in the UK grew from £10 billion in 1995 to £21.3 billion in 2005 
[71]. 
There are two main advantages to using surface engineering treatments for aluminium 
alloys. Firstly, it can improve the tribological performance of the component‟s surface 
against the surrounding environment, which has an impact on service life and 
maintenance costs. Secondly, it makes available the option of selecting a cheaper 
substrate material for various applications with surface treatments [72].  
There are various surface treatment techniques which can be used to improve the 
surface of the aluminium alloy. Each surface treatment (coating technique) has 
advantages and disadvantages as described in section 2.8.  
2.7 Aluminium metal matrix composite 
2.7.1 General background 
Metal matrix composite (MMC) has been used commercially in the automotive industry 
for at least the past 20 years [73]. MMC is a composite with at least two components, 
one being a metal. It is made by dispersing a reinforcing material into a metal matrix. 
The reinforcing material has the advantage of improving the mechanical behaviour of 
the metal. As mentioned earlier, the automotive industry has used aluminium metal 
matrix composite (Al-MMC), which usually consists of aluminium reinforced with SiC 
particles, in many applications. Researchers have begun in the past 20 years to 
investigate the possibility of using Al-MMC materials in braking systems. 
Chapter 2: Literature Review  32 
__________________________________________________________________________________________________________ 
2.7.2 Aluminium metal matrix composite classifications and properties 
The aluminium metal matrix composite classification and features depend on the 
aluminium alloy and the reinforced matrix used in the composition. The characteristics 
of the reinforced particles influence the mechanical and thermal behaviour of the MMC 
material. The American National Standards Institute (ANSI) standardised the 
aluminium metal matrix composite by the following [74]: 
A / B/ CD – E 
Where  
A: Indicate the matrix alloy (four digit number) 
B: Indicate the composition of the reinforced material (for example SiC) 
C: Indicates the volume percentage of the reinforced material 
D: Indicates the form of the reinforced material (p: particulate, w: whisker and f: fibre). 
E: Indicates the temper designation of the matrix alloy. 
In the current research, the aluminium metal matrix composite used is 6061/SiC/40p-
T6. This indicates that the aluminium grade used in the matrix is 6061, the reinforced 
matrix is silicon carbon particles, the volume percentage of the silicon carbon particles 
is 40% and the temper designation of the aluminium is T6. 
2.7.3 Aluminium metal matrix composite applications 
There are many advantages to using aluminium metal matrix composites in industry, 
due to their varied and attractive properties, such as low density, ductility, high specific 
strength, excellent thermal conductivity and good tensile strength. Figure 2.8 shows the 
main applications of aluminium metal matrix composite. It shows that the main 
industries using aluminium metal matrix composite are transportation, aerospace and 
electronic because of its properties, and particularly because of its low density. MMCs 
are used in the field of automotive engineering for example in brake drums, pistons and 
cylinder blocks because of improved corrosion resistance and wear resistance [75, 76]. 
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Figure 2.8: Global MMC outlook by application/segment, 2004-2013 KG 1,000S 
[77]. 
2.7.4 Surface engineering of aluminium metal matrix composite 
Although the silicon carbon particles improve the properties of the aluminium alloy, 
surface engineering such as ceramic coating is often required to protect the surface of 
the Al-MMC. For example during an overruns braking test specifically the high surface 
temperatures might soften the aluminium alloy leaving the hard reinforced particles 
exposed on the surface. Coating the surface of the reinforced aluminium is a very 
important technique which can to improve the maximum operating temperature [78].  
Alumina coated and uncoated aluminium metal matrix composite brake rotors were 
investigated by Rosso [79]. The results showed that the coated Al-MMC rotor showed 
better wear resistance than the plain disc without any significant difference in the 
performance. These results indicate the benefit of proper surface treatment in order to 
improve the thermal and wear performance of the plain Al-MMC. There are various 
surface treatment techniques which can be used to improve the surface properties of the 
Al-MMC. Each surface treatment has advantages and disadvantages as discussed below.  
2.8 Coating technologies 
In recent years, coating processes have been attracting much industrial attention 
especially from the automotive industry. In the future, different materials and coating 
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techniques will be investigated in order to achieve the standards set by government 
legislation and automotive industry expectations.  
Plasma electrolytic oxidation (PEO), also known as „Microarc Discharge Oxidation‟ 
(MDO), „Anodic Spark Deposition‟ (ASD), or „Microarc Oxidation‟ (MAO), is an 
environmentally friendly technique that is used to treat nonferrous alloys to create a 
hard aluminium oxide (Al2O3) coating. The main concept of this new technology is that 
it uses a low concentration alkaline solution (electrolyte) and a high voltage (V) to 
create a ceramic layer of different thicknesses (15-60μm) on an alloy substrate. 
According to many researchers, the PEO coating layer improves the wear, corrosion and 
friction properties of the different components. Also, because it has a very low thermal 
conductivity, it provides a thermal barrier layer [17, 29, 80, 81]. 
Different areas of the PEO process were covered in a study by Yerokhim et al. [31] that 
included the physical and chemical fundamentals. It was found that using PEO coatings 
enhances the wear resistant layer, friction, corrosion and thermal properties. Also, as a 
result of the thick wear resistant layers, it provides excellent adhesion for the aluminium 
alloy components. Furthermore, the production cost of PEO coating is competitive 
compared with the conventional anodising process [31]. 
Shrestha et al. [30] investigated a black coating applied to aluminium (AA2219) using 
the Keronite PEO process. Coating characteristics and coating microstructures were 
investigated in this study and hardness, porosity, adhesion and phase composition were 
measured. In order to evaluate the PEO coating the results were compared with different 
coatings made using a normal black anodising process. Furthermore, friction behaviours 
and cold welding of the coated alloy were investigated in different environments. A pin-
on-disc device was used in this study to test the coated disc. The pin was either coated 
with an aluminium alloy or AISI52100 bearing steel against a fixed flat disc (uncoated 
or coated aluminium alloy). It was found that the Keronite coating improved resistance 
to impact and fretting compared with the anodised coating. Also it was found that there 
was no damage to the Keronite coated layer under impact testing [30]. 
Furthermore, Curran and Clyne [81] studied both magnesium and aluminium substrates 
with plasma electrolytic coating. The thermal conductivity of the coating was measured 
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using a simple steady state method and it was found that the thermal conductivity was 
relatively low at 1W/mK. It was also found that the porosity levels were low so the low 
thermal conductivity was not due to the presence of pores. It was noted that with larger 
thicknesses, up to 100µm, low thermal conductivity coatings may work as a thermal 
barrier layer [81]. 
Cui et al. [80] used a plasma electrolytic technique protective coating on SiCp/A356 
composites. Both coated and uncoated SiCp/A356 composites were tested in order to 
investigate the electrochemical corrosion behaviour by using a potentiodynamic 
polarization technique with low scanning test. It was found that, because of the PEO 
coating, the corrosion potential was shifted in the anodic direction and the corrosion 
density was much lower. Furthermore, a ring-on-ring wear tester was used in order to 
investigate the wear behaviour of the PEO coating and it was found that the PEO 
coating showed a low specific wear compared with bearing steel. Also, during the test, 
no fracture, cracking or collapse of coated SiCp/A356 took place [80]. 
Various studies and programmes have been carried out in the last decade with regard to 
coating techniques and processes. These studies were concerned with finding the best 
possible methods for using lightweight instead of conventional materials. From various 
studies it has been shown that PEO can compete with anodising and thermal oxidation 
techniques. Also it has been found that PEO coating, instead of thermally sprayed 
Al2O3, is suitable for aluminium alloy. In addition, the PEO coating provides a cost 
effective solution for lightweight materials. Nowadays PEO coatings are the best 
candidate for various industrial applications because of their excellent friction, 
corrosion, wear and thermal properties [20, 31]. 
The main advantages of PEO coating are: its good wear and corrosion resistance [82]; it 
adheres well to the substrate [27, 30, 82]; the PEO process is environmentally friendly 
[83, 84]; it can be used to coat irregular shapes and complex geometries [85]; and there 
is no change in the chemical or mechanical properties of the substrate [82]. On the other 
hand, the main disadvantages of PEO coating are: the low growth rate [86] of the 
coating and its relatively high cost [87].  
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Demir et al. [88] investigated a coated disc brake rotor by using a number of surface 
treatments. Various thermal spraying techniques were used in this study with different 
aluminium discs. One disc was sprayed with NiCr as a bonding layer, one was coated 
with Al2O3 by plasma spraying and the last one was coated with NiCr-Cr3C2 by High 
Velocity Oxygen Fuel (HVOF) spraying. The three coated discs were tested using an 
inertia dynamometer, according to SAE‟s J2522 test procedure, and the results showed 
that the coefficient of friction of the disc coated with NiCr-Cr3C2 was higher by 6% than 
that of the original disc [88]. 
Dahm et al. [20] investigated the tribological characteristics of two aluminium alloy 
rotors (AA6082 and AA7075) using a dynamometer. Both rotors were PEO coated and 
the thickness of the coating layer was approximately 50µm. A grey cast iron (GCI) rotor 
and an AA6082 alloy rotor coated by high velocity oxy-fuel (HVOF) spraying with a 
pure aluminium oxide were also tested. The test was carried out for the entire sample 
under the same conditions. It was found that the roughness of the PEO coated AA6082 
was 0.46µm Ra which was lower than the roughness of the PEO coated AA7075 
(0.81µm Ra). Also it was found that the PEO coated AA6082 and the AA6082 coated 
with Al2O3 had a coefficient of friction (COF) of 0.3 to 0.33, on the other hand the PEO 
coated AA7075 had a COF of 0.25 while the cast iron had a COF of 0.5 [20]. 
2.8.1 Keronite PEO coating technology 
Based on the literature review, the PEO process is the best candidate for improving the 
surface of aluminium alloy and aluminium metal matrix composite because of the 
advantages specified above [20, 88]. In addition, many studies have used PEO coating 
with aluminium alloy and it has shown very good tribological behaviour, especially in 
brake system applications. In this section the PEO coating process developed by the 
Keronite Company is explained as it was used to coat the lightweight rotors used in this 
research. 
Keronite was established in 2000 in Cambridge and is one of the companies which 
specialises in surface technology, producing many coating products based on the PEO 
process for various applications. The company have improved the PEO process by 
developing the electrolyte formulation with electrical parameters in order to produce a 
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denser, more uniform coating, with greater hardness than anodised aluminium alloy 
[89]. The Keronite ceramic surface is created by converting the substrate metal surface 
into a dense, hard and highly adherent oxide layer by plasma discharge in a low 
concentration alkaline aqueous electrolyte [90]. The Keronite PEO process is shown in 
Figure 2.9 and involves the application of a controlled voltage to the object (anode) in 
an electrolytic bath (cathode), which is agitated using compressed air. The high voltage 
input is sufficient to develop intense plasma due to micro-arc generation at the material 
surface. This leads to oxidation of the material surface in addition to elemental co-
deposition from the electrolyte solution to create a hard ceramic layer on the substrate 
alloy. A typical set of Keronite process parameters is illustrated in Table 2.2. 
 
Figure 2.9: Keronite PEO process [90]. 
 
 
 
 
Metal substrate Metal substrate 
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Table 2.2: Typical process parameters during Kernite PEO coating [29]. 
Parameter Value 
Aluminium alloy 7075 
Pre-treatment Degrease only 
Electrolyte Proprietary alkaline free of Cr, V or 
other heavy metals 
Total salt content (%) < 4 
Typical pH 7-12 
Nominal thickness (μm) 15-60 
Coating rate (μm/min) 1 - 4 
Voltage (V) 200 - 900 
Process temp (°C) 12 - 30 
Coating formation method Plasma oxidation 
Surface appearance Grey  
 
Experimental analysis was carried out on an aluminium alloy, AA7075-T6, which was 
coated using the Keronite PEO process, to investigate the coating microstructure, 
roughness, hardness and phase structure. The results were compared with those for a 
hard anodised coating. The study showed that the Keronite coating had a crystalline 
structure composed of γ-Al2O3. On the other hand, the hard anodised coating had an 
amorphous alumina structure. The presence of the crystalline phase meant that the PEO 
coating was extremely hard (1620 HV50g); in fact, four times harder than the anodised 
coating [89]. 
Keronite PEO coating was also applied to 2219 aluminium alloy in order to generate a 
dense, thin film on the substrate, as shown in Figure 2.10. It was found that the PEO 
coating microstructure mainly consisted of the α-Al2O3 crystalline phase which 
improved the hardness value to around 1369 HV. Furthermore, other phases were also 
detected as shown in Figure 2.11 [30]. 
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Figure 2.10: Cross-sectional BSEM image of Keronite coating on AA2219 alloy 
[30]. 
 
Figure 2.11: XRD analysis of Keronite coating on AA2219 alloy [30]. 
In addition, Al2O3 coating on AA6082 aluminium alloy, prepared by Keronite plasma 
electrolytic oxidation, was investigated and compared with a hard anodised coating on 
the same substrate. It was found that the hardness and elastic modulus values for the 
PEO coating were higher than for the hard anodised coating. Moreover, the adhesion of 
the PEO coating was better than that of the hard anodised coating based on a scratch 
test. The wear resistance of the PEO coating was much better than that of the hard 
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anodised coating which was directly influenced by the mechanical and structural  
properties [27]. 
2.9 Design of experiment (DoE) and optimisation analysis 
Design of experiment and optimisation analysis provides the researcher with powerful 
tools for achieving a desired aim efficiently and reliably. Investigating every possible 
combination of the design parameters is a process which needs time and facilities. 
Using a Design of Experiment approach reduces the number of tests required to assess 
and investigate the design and find the main parameters that have an influence upon 
performance. Furthermore, utilisation of the optimisation techniques could improve the 
robustness of the design. 
Taguchi analysis is a well-known technique used in the manufacturing and production 
process which improves quality by finding the best combination of factors that 
influence a product. Grieve et al. [19] used the Taguchi method of study to investigate 
the effect of various parameters on a lightweight disc brake rotor. The work produced 
optimised results which can be used for further investigation of the thermal performance 
of disc brake rotors. The study showed that the cheek thickness has the largest effect on 
the maximum temperature of the disc.  
The Taguchi analysis defines the parameters that have the largest influence on the 
system which can then be used to optimise the design by finding the best combination 
that meets the main objective and constraints. Nowadays, optimisation plays an 
important role in improving the design of the product within the main objective and 
constraints. The automotive industry is investigating possible ways to reduce the weight 
of vehicles, as explained above, and one way would be to replace the conventional 
materials with lightweight alternatives. In addition, optimising the disc brake design 
could improve the thermal performance in addition to reducing the weight of the disc. 
Most researchers have used parametric studies to improve the design of their discs, 
which is a manual process [91]. The current design process can be difficult and time 
consuming for complex systems.  
Aerodynamic shape optimisation of a disc brake was carried out by Qian [92] and it was 
found that there is great potential for computer based automatic design optimisation in 
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vehicle aerodynamic/thermal development. The optimisation analysis improved the 
cooling performance by 30%. Multi objective optimisation of a heavy truck disc brake 
system was investigated by Amouzgar et al. [93] using an iterative Latin hypercube 
sampling method. Three objectives were considered, namely: Minimising the maximum 
temperature, maximising the brake energy and reducing the mass of the back plate. A 
thermo-mechanical finite element model was developed and used in the optimisation 
analysis. 
Researchers have investigated different ways to improve the thermal performance of 
disc brake rotors. Optimisation analysis is a very good approach to minimising the 
maximum temperature of the disc or to minimising the weight of the disc brake rotor 
with the same energy input [93, 94]. The Optimal Latin hypercube sampling method has 
been shown to be a good approach for use in the Design of Experiment and optimisation 
analysis.  
Optimisation analysis requires a large number of simulations, which is time consuming. 
In order to reduce the computational cost, meta-models are used to replace the actual 
simulation models [95]. The first step is to use Design of Experiment to distribute the 
design variables in the design space. The defined design variables are then used to 
conduct the simulations based on the DoE. The output responses are used to obtain the 
best model that is fitted to the data. Finally, the candidate model (response) are used to 
find the optimum design variable using the appropriate optimisation technique [95]. 
Latin hypercube design (LHD), proposed by McKay et al. [96] and Iman and Conover 
[97], is a very popular DoE used in the area of design and analysis of computer 
experiments. The space filling qualities of the Latin hypercube are a very challenging 
problem. In the current research, optimal Latin hypercube design was used, which is 
based on the permutation genetic algorithm approach [48]. The proposed technique was 
used as it achieved good space filling and uniform distribution of the design variables in 
the space. In addition, it has the advantage of building and validation models which 
provide enhanced confidence in the fitted response. 
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2.10 Summary of the findings and implications for the current research 
This Chapter has investigated in detail various aspects of disc brake knowledge in order 
to direct the current research towards achievement of its main aim and objectives. Many 
researchers have investigated the thermal behaviour of disc brakes using lumped, one-
dimensional, two-dimensional and three-dimensional analysis. Most research studies 
evaluate the surface temperature of the disc brake assuming only one mode of heat 
transfer. Also most researchers used a constant heat flux or they assumed that most of 
the heat goes into the disc. However, the heat is transferred to both the disc and the pad 
with a ratio that depends on the material properties of both the disc and pad. This area 
needs more investigation and needs to be addressed in the numerical and finite element 
disc brake model. Accordingly many aspects need to be addressed in the current one-
dimensional model, which are: the heat flux partitioning, radiation heat transfer, 
convection heat transfer, conduction heat transfer, rotating heat pulse (source), different 
materials and coatings.  
Rotating heat pulse or source is defined as a technique of simulating the effects 
experienced in an actual life braking events. It applied the heat flux over the area of the 
brake pad to the area of the disc which is underneath. As the disc rotates the area 
alternate from being under the pad to being outside, this replicates the real world 
braking event. All these will be discussed in detail in the mathematical modelling 
Chapter. Most researchers investigate one mode of heat transfer in the one dimensional 
numerical model and neglect the effects of other modes such as convection and 
radiation. Although the radiation and the convection heat transfer have small effects on 
the temperature distribution of a disc brake, it is essential to develop a comprehensive 
model that can predict the temperature distribution in a disc brake and compare it with 
the experimental results.  
In addition different studies have been done in the field of lightweight disc brakes and 
their thermal performance. They show that the aluminium composite material (Al-
MMC) disc, with an appropriate coating, has the potential to replace the conventional 
cast iron disc in the future because of its characteristics and properties. This will lead to 
a reduction in the total weight of the vehicle. Further investigations need to be made in 
order for the Al-MMC disc to be used in the near future. Most researchers investigate 
Chapter 2: Literature Review  43 
__________________________________________________________________________________________________________ 
lightweight discs using experiments only, without validating the results with a 
numerical or finite element model which will give the potential for further investigation. 
Also, most researchers use a commercial pad material which might be a key factor, 
hence pad materials need to be investigated. 
According to the previous research, it was concluded that material selection is a key 
factor in designing a disc brake or developing a brake system. Also it was found that 
many studies were concerned with replacing the conventional grey cast iron disc brake 
with a lighter material in order to reduce the overall weight of the vehicle, which has 
impacts on the performance and fuel consumption. Different materials have been 
investigated and studied for use in brake systems, especially disc brake systems, and it 
has been found that aluminium metal matrix composite and aluminium alloy is the best 
candidate for this application because of its various properties, which include high 
specific capacity, good static strengths, good fatigue strengths, low density, high 
thermal conductivity and high tensile modulus (almost double that of the parent alloy 
for Al-MMC). As a result, aluminium metal matrix composite disc brakes will be 
investigated in this research. 
It was noticed that lightweight disc brakes need more investigation as most of the 
research is concerned with investigating the thermal performance of the current disc 
brake material, which is cast iron. Furthermore, few researchers have investigated, 
numerically or experimentally, the thermal performance of lightweight material such as 
wrought aluminium with an alumina coating. From various studies it was found that 
plasma electrolytic oxidation (PEO) can compete with anodising and thermal oxidation 
as a coating technique for aluminium alloy and MMCs. 
It was reported in the literature that the small scale test rig has many advantages over 
the full scale test rig which make it a sensible or favourable candidate for the current 
research. It is clear from the literature that a formal scaling methodology should be 
followed in order to develop a small scale test rig as required to suit the current research 
need.  
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According to numerous studies, finite element models are essential to investigate the 
thermal performance of a disc brake and also to give some guidelines in designing the 
future generation of lightweight disc brakes. 
There are a limited number of studies in the literature which look at the use of 
lightweight material in disc brakes. In addition, no research has been found that 
critically evaluates the performance of PEO coated disc brake rotors under a wide range 
of test conditions. 
It was found that Design of Experiment and optimisation analysis offer an efficient 
approach to investigating the effect of various parameters on disc brake thermal 
performance and to finding the optimum lightweight disc brake rotor. 
This research will investigate the effectiveness of PEO coating in enhancing the 
aluminium alloy and aluminium metal matrix composite surfaces under different 
braking conditions using both experimental and numerical approaches. 
 CHAPTER 3:  
MATERIAL AND CHARACTERISATION 
METHOD 
3.1 Introduction 
The experimental techniques used in the current research as well as the materials for the 
various disc brake rotors are explained and described in detail in this Chapter. The 
general properties and composition of the materials used in the tests were categorised 
for the purposes of investigating the surface damage after the braking tests. The sample 
preparation procedures and equipment used to investigate and analyse the material are 
explained. In addition, the metallographic preparation of the sample is covered in this 
Chapter based on the available standards and procedures. Different material 
characterisation techniques and equipment were used to analyse the lightweight brake 
rotors before and after the tests, which were as follows: Optical microscopy of 
materials, Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray Analysis 
(EDX), micro-hardness tests, roughness analysis, and dimensional measurement of the 
rotors. These techniques and procedures were used for the lightweight disc brake rotors 
before and after the braking test with the results presented in Chapter 8. 
3.2 Materials 
Five types of material were investigated in this project, namely: 1. Grey cast iron; 2. 
forged aluminium alloy (6082); 3. The same 6082 alloy but with an alumina surface 
layer applied by plasma electrolytic oxidation (PEO); 4. Cast aluminium MMC 
(AMC640XA); and 5. The same MMC again but with a PEO alumina surface layer. The 
standard grey cast iron (EN-GJL-250) was used to provide a benchmark for the other 
materials as it is the standard material for disc brake rotors. The particulars of these 
materials are given in the following sub-sections. 
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3.2.1 Grey cast iron 
Grey cast iron is a cast material which is based on iron and carbon. Carbon is present in 
the form of lamellar graphite particles (flake graphite). The properties of the material 
depend on the shape, amount and distribution of the graphite in the metallic matrix. The 
main components of cast iron alloy are iron and five main attendant elements; C, Si, 
Mn, P and S. Table 3.1 shows the chemical composition of the grey cast iron used in 
this study (referred to throughout this thesis as GCI) which is known commercially as 
EN-GJL-250. The main elements in grey cast iron are silicon, manganese and carbon. 
The carbon and silicon elements have the greatest impact on the hardness and tensile 
strength of the alloy.  
Table 3.1: Chemical composition of EN-GJL-250 grey cast iron [98]. 
Element 
(wt.%) 
C Si Mn P S Fe 
3.20 – 3.40 1.60 – 2.40 0.60 – 0.90 
max. 
0.20 
max. 
0.08 
Balance 
3.2.2 Aluminium alloy 
Aluminium alloys have been used widely in engineering applications and specifically in 
the automotive industry. In the current study, aluminium alloy 6082-T6 was used as a 
lightweight brake rotor. It has medium strength with excellent corrosion resistance and 
its chemical composition is shown in Table 3.2. It will be referred to throughout this 
thesis as Al-alloy. 
The main elements of 6082 aluminium alloy are silicon, magnesium, manganese and 
other elements as shown in Table 3.2.  T6 is the temper number which indicates that the 
alloy has been heat-treated and artificially aged. 
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Table 3.2: Chemical composition of 6082 aluminium alloy [99, 100]. 
Element 
(wt.%) 
Si  Mg  Mn  Fe  Cr  Cu  Zn  Ti  Al 
0.70-
1.30  
0.60-
1.20  
0.40- 
1.00  
0.50  0.25  0.10  0.20  0.10  Balance 
3.2.3 Aluminium metal matrix composite 
The aluminium metal matrix composite AMC640XA is a high quality aluminium alloy 
(AA6061) reinforced by 40% silicon carbide particles. The presence of the silicon 
carbide particles improves the corrosion resistance and material strength at elevated 
temperatures. The chemical composition of AMC640XA is shown in Table 3.3. In the 
current study, it will be referred to as (Al-MMC). Its main elements are silicon, carbon, 
magnesium and those shown in Table 3.3.  
Table 3.3: Chemical composition of  aluminium metal matrix composite 
(AMC640XA)   [99]. 
E
le
m
en
t 
(w
t.
%
) Si  Mg  Mn  Fe  Cr  Cu  Zn  Ti  SiC Al 
0.40-
0.80  
0.80-
1.20  
Max. 
0.15  
Max. 
0.70 
0.04-
0.35  
0.15-
0.40  
Max. 
0.25  
Max. 
0.15  
40 
Vol.% 
Balance 
3.2.4 PEO coating 
The PEO coating for all disc brake rotors was carried out by Keronite International Ltd. 
The disc specimens, of mmmm 14125   thickness, were machined by turning a lathe 
from AA6082 alloy and Al-MMC (AMC640XA). Prior to coating deposition, the disc 
specimens were degreased with acetone, then coated using the Keronite processing 
system which involved a 160 kW pulsed bipolar AC power source and an alkaline 
electrolyte bath. General parameters of the PEO process are presented in Table 3.4. The 
PEO coating was applied for both materials to a nominal thickness of 30-50 µm which 
was confirmed using an induction thickness gauge and optical microscope. 
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Table 3.4: Typical process parameters during Keronite PEO coating for AA6082 
and AMC640XA. 
Parameter PEO process Parameter PEO process 
Pre-treatment Degrease only 
Coating rate 
(µm/min) 
1-4 
Electrolyte 
Proprietary alkaline 
free of Cr, V or 
other heavy metals 
Voltage (V) 200-900 
Total salt content 
(%) 
<4 Process temp (
o
C) 12-30 
Typical pH 7-12 
Coating formation 
method 
Plasma 
oxidation 
Nominal thickness 
(µm) 
15-60 Surface appearance 
Grey to 
charcoal black 
3.2.5 Brake pad material 
All rotor materials were tested against a proprietary pad material manufactured by TMD 
Friction. This pad material was developed specifically to rub against an alumina coating 
but was also found to produce acceptable levels of friction performance against the 
standard cast iron and uncoated aluminium rotor brakes. The main elements in the brake 
pads are carbon, iron, copper magnesium and other elements in the form of particles, 
fibbers and binder material as discussed in detail in Chapter 8. Figure 3.1 shows a 
Scanning Electron Microscopy (SEM) image of the surface of the brake pad used in the 
current study. 
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Figure 3.1: EDX image of the brake pad before the brake testing. 
3.3 Sample preparation and metallographic preparation of samples 
The coating surface and cross sectional view of the samples was prepared by cutting a 
specified section of the disc after the brake testing was finished and then using the 
automatic press machine (Figure 3.2) to mount the sample in Bakelite resin. The 
automatic press machine was used to avoid any gaps between the coating, the resin and 
the sample (Figure 3.3), and also to help in grinding and polishing the sample so that it 
would be easy to analyse using the microscope. 
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Figure 3.2: Automatic mounting press machine. 
 
Figure 3.3: Preparing the coating and cross-sectional view samples. 
On the other hand, the disc brake rotor rubbing surface was prepared by using a hack 
saw to cut the disc in order to avoid any contamination from the cooling fluids in the 
cutting machines. Figure 3.4 shows how the disc brake rotors were cut after the braking 
test. Each quarter was then used in the various material characterisation tests, without 
applying anything to the rubbing surface, in order to analyse the transfer layer and the 
„as worn‟ surface texture. 
Disc sectioned sample 
Bakelite resin 
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Figure 3.4: Preparing the small scale brake rotor rubbing surface samples for 
material characterisation analysis. 
Metallographic processes (mechanical grinding and polishing) were carried out for the 
cross sectional surface only. The coating samples did not go through the metallographic 
processes, so as to avoid any damage to the coating surfaces. The cross sectional sample 
was ground using SiC paper with gradually decreasing grain size, beginning at paper 
240 and ending with grade 1200. The grinding rotation speed was kept constant, at 300 
rpm, for all paper grades and the sample was rotated 90º after each paper type. After 
grinding, the sample went through a polishing process where 3 µm pile based diamond 
suspension was used until a mirror-like surface was obtained. This procedure was 
achieved in accordance with guidelines given in Metallographic Techniques for 
Aluminium and its Alloys [101]. Figure 3.5 shows the complete procedure adopted to 
prepare the samples. 
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Figure 3.5: Complete procedure used to prepare the sample. 
3.4 Experimental techniques 
This section explains how various experimental techniques and machines were used to 
characterise the disc and brake pads before and after the braking test. The experiments 
are explained in detail, including the set-up, procedures, parameters and machines used 
to carry out the tests. The structure of the substrate and coating were investigated using 
Scanning Electron Microscopy (SEM) and optical microscopic analysis. In addition, the 
elemental composition was evaluated using Energy-Dispersive X-ray Analysis (EDX). 
The mechanical properties of the coating and substrate were obtained using micro 
indentation analysis, as explained in this section. Furthermore, the roughness analysis of 
the disc brake rubbing surface was evaluated using an optical interferometer. Finally, 
the overall geometry of the disc brake rotors was measured using a CNC coordinate 
measurement machine in order to evaluate the wear volume after the braking test. 
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3.4.1 Optical microscopy of materials 
The surface morphologies and their structures were investigated by using a Leica 
microscope (LEICA CTR6000 and LEICA DM600M), as shown in Figure 3.6. Optical 
images were captured for all samples, which include the PEO coating and the brake 
rotor substrates, before and after the braking tests. Also, cross sectional images of the 
discs were taken to study the structure, coating thickness and uniformity of the coating. 
Furthermore, the optical images were used to investigate the level of porosity inside the 
coating in order to evaluate the coating adhesion and durability. 
 
Figure 3.6: Leica microscope (LEICA CTR6000 and LEICA DM600M). 
3.4.2 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 
analysis (EDX) 
3.4.2.1 SEM and EDX fundamentals 
Scanning Electron Microscopy (SEM) provides high resolution images of the desired 
sample by using a focused beam of electrons across the surface of the sample to scan the 
surface topography. The images are produced due to the interactions of the electrons 
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with the sample surface. The detailed microstructure of the materials can be investigated 
using the SEM technique with high magnification of up to 500,000 times. In addition, 
the elemental chemical composition of the material can be obtained using Energy-
Dispersive X-ray analysis (EDX) which involves the interaction of the X-ray beam and 
the targeted sample. SEM analysis can be used for different applications and analyses 
such as obtaining high resolution images, identifying chemical compositions of 
materials, characterisation of materials, examining grain structures and measuring 
coating thicknesses by using polished cross sections. 
In the current research, SEM was used to investigate the aluminium substrates and the 
PEO coatings. All of the SEM and EDX analyses were undertaken in the Electron 
Microscopy and Spectroscopy centre at Leeds University. The equipment used for the 
current analyses was the Carl Zeiss EVO MA15 SEM machine with integrated Oxford 
Instrument INCA 250 EDX system, as shown in Figure 3.7. Different samples were 
used in the SEM and EDX analysis which are as follows: cross sectional sample Figure 
3.8a and disc brake rotor section Figure 3.8b.  
 
Figure 3.7: The Scanning Electron Microscopy machine with the integrated 
Energy-Dispersive X-ray system (Carl Zeiss EVO MA15 SEM machine with 
integrated Oxford Instrument INCA 250 EDX system). 
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3.4.2.2 SEM and EDX sample preparation 
In the current study, various techniques and procedures were needed in order to capture 
images using SEM techniques. The surface of the sample should be conductive, so in 
the case of ceramic layers the coating surface needs to be coated with a conductive 
material such as carbon or gold. In this section the detailed procedure for preparing the 
sample for SEM analysis is explained. 
There were two types of sample used in the SEM and EDX analysis; the first using resin 
to hold the sample, as shown in Figure 3.8a, and the second using the sample from the 
brake disc rotor without resin, as shown in Figure 3.8b. The reason for using the second 
type of sample was to make sure that the rubbing surface would not be damaged by the 
preparation process and the transfer layer could be identified correctly. Both types of 
sample should be kept completely dry (meaning that it should not outgas) before 
commencing SEM analysis. 
 
Figure 3.8: Types of sample used in the SEM analysis. 
To perform the SEM analysis, each sample should be mounted into a sample holder. In 
this project double coated conductive carbon tape was used to mount the samples and 
sometimes two pieces were used for bigger samples. Double coated conductive tape is 
commonly used to mount samples to the holder. Carbon paint was then applied to the 
contact area between the sample and holder, and also to the Bakelite resin to make sure 
it was conductive, as Bakelite resin is a non-conductive material. Figure 3.9 shows the 
various components used in preparing the sample for the SEM analysis. In this case, the 
sample does not have Bakelite resin, and carbon paint is applied to the edge of the 
material. 
(a) (b) 
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Figure 3.9: Main components used in preparing the sample for the SEM analysis. 
As explained previously, the sample surface should be conductive in order to perform 
the SEM analysis. In this project both gold coating and carbon coating were used to coat 
the samples in order to make sure that the surface of the sample was conductive. The 
gold coating was used to obtain good SEM images, and also for the aluminium metal 
matrix composite since this contained carbon and so was too difficult to perform a 
reliable EDX analysis with a carbon coating. The carbon coating was used mainly to 
analyse the chemical composition of the material. In addition, the cross sectional sample 
was coated with gold in order to measure the coating thickness and find the level of 
porosity. The carbon coating was applied using the EMSCOPE TB500 SEM Carbon 
Coater shown in Figure 3.10 and the gold coating was applied using the EMSCOPE 
SC500 Gold Sputter Coater shown in Figure 3.11. The surface of a sample before and 
after coating is shown in Figure 3.12. After the sample has been coated it is ready for 
SEM and EDX analysis. In the current study most of the samples were coated, even the 
conductive materials. 
 
Carbon paint 
Double sided carbon tape 
Sample mount Samples holder 
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Figure 3.10: EMSCOPE TB500 SEM Carbon Coater. 
 
Figure 3.11: EMSCOPE SC500 Gold Sputter Coater. 
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Figure 3.12: Sample surface before and after coating. 
3.4.3 Micro-Hardness tests 
A Micro Vickers Hardness Test machine (Mitutoyo HM-122 Hardness testing 
machine), Figure 3.13, was used to obtain the mechanical properties of the disc brake 
rotor substrates and coatings. The test was carried out in a controlled environment using 
Vickers indenter at a load of 1 kg. The hardness value of the coating and substrate was 
evaluated using the current analysis and the measurements were taken from different 
places of the tested surface. The coating surface was polished in order to evaluate the 
hardness and to see the indentation on the surface. In this analysis, the samples were 
clamp by resin in order to make sure that it will not move and also to make sure that the 
surface is horizontal. The test machine was calibrated before testing using the 
calibration kit with well-known hardness. The micro hardness of the coating and 
substrate was evaluated using standard analysis technique and the measurements were 
taken from at least four different places on the tested surface. The variation of the 
hardness value was evaluated using standard deviation analysis, which measures the 
amount of variation of the hardness value from the average value for each material.  
Gold coating Carbon coating 
Before 
After 
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Figure 3.13: Micro Vickers Hardness Testing Machine (Mitutoyo HM-122 
Hardness testing machine).  
3.4.4 Roughness analysis 
The roughness, wear profile and transfer layer thickness of the discs were measured and 
analysed using an NP Flex optical interferometer (Bruker NPFLEX optical profiling 
system), as shown in Figure 3.14. The texture of a surface is defined by its roughness 
parameters and this test was carried out in order to evaluate the effect of surface 
roughness on the friction behaviour. In addition, the same equipment was used to 
measure the transfer layer thickness and the wear profile of the rubbing surface after the 
braking test. The test parameters used for scanning the samples will be explained in 
Chapter 8. The current test does not require any special preparation for the sample. 
The roughness analysis was carried out in order to evaluate the Ra value at four 
different positions across the wear scar as shown in Figure 3.15. The trace length was 
22mm across wear scar at position 1, 2, 3 and 4. The analysis was perfoemed using 
GUASSIAN Filter with 0.8mm cut OFF and 100:1 Band Width Least Squares Fit: L.S. 
line. The variation of the Ra value was evaluated using standard deviation analysis, 
which measures the amount of variation of the roughness value (Ra) from the average 
measured value for each line profile.  
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Figure 3.14: NP Flex optical interferometer (Bruker NPFLEX optical profiling 
system). 
 
Figure 3.15: Trace positions for roughness analysis on the small scale disc brake 
rotor. 
3.4.5 Geometry measurement 
The three dimensional geometry of the brake rotors was determined before and after the 
braking test using a coordinate measurement machine (CMM; Kemco 400), as shown in 
Figure 3.16. The measurements of disc brake geometry were taken to help evaluate the 
wear volumes and also the variation in disc brake thickness after the tests. The CMM 
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machine was set up to measure the geometry of the solid disc brake rotors; a reference 
point was selected on the disc brake in order to perform the measurement in the same 
way before and after the braking tests. The machine resolution is 0.001 mm which is 
sufficiently accurate for the current application. The machine was calibrated before use 
in order to minimise any errors in the measurement. 
 
Figure 3.16: Kemco 400 CNC coordinate measurement (CMM) machine. 
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3.5 Summary 
This Chapter has outlined the experimental methodology for the material 
characterisation analysis. It explains the test set-up, the procedure, the test equipment 
and the test parameters. Overall descriptions of sample preparation for each analysis 
were given followed by descriptions of the various tests performed in order to evaluate 
and characterise the disc brake rotors before and after the braking tests. 
The material characterisation of the substrates and coatings were performed using SEM 
and optical microscopic examination and their elemental compositions were evaluated 
using EDX techniques. The mechanical properties of the substrate and coating were 
measured using micro indentation analysis as outlined in this Chapter. The overall 
geometries of the disc brake rotors before and after the braking test were evaluated 
using a CNC coordinate measurement machine. The experimental results of the material 
characterisation analysis performed on the prepared samples, before and after the 
braking tests, are described in Chapter 8. 
 
 CHAPTER 4:  
ONE-DIMENSIONAL THERMAL MODELS  
4.1 Introduction 
The theories and principles of methods for the one dimensional models that have been 
used in this research are explained and presented in this Chapter. A detailed one 
dimensional heat transfer model was constructed using Matlab to provide a powerful 
tool to predict the thermal performance of disc brakes during various braking tests. The 
comprehensive one dimensional model is capable of predicting the temperature 
distribution for the disc and pad brake with different material properties, braking 
conditions and coating layers. In addition, rotating heat source, radiation and convection 
effects are explained and addressed in the one-dimensional model in order to simulate a 
real braking event. The one-dimensional Matlab model is investigated and validated 
with an Abaqus 1D finite element model and literature results.  
In order to achieve the main aim of replacing the cast iron disc with a lightweight 
alternatives (e.g. coated aluminium alloy, carbon/carbon and carbon reinforced 
ceramic), there are many issues to resolve. One of the issues is modelling the thin 
coating layer in the Abaqus finite elements software; this issue was investigated by 
using the thermal resistance approach, including a mesh sensitivity study and sub-
modelling technique which is explained in this Chapter. Furthermore, a novel approach 
to the execution of disc brake finite element models using both Abaqus and Matlab 
software for different braking events is presented. This approach gives the user the 
power of using the Matlab optimisation toolbox in conjunction with the Abaqus solver. 
Also it reduces the computation time and memory required for such an analysis. Finally, 
the effects of various parameters on disc brake thermal behaviour were investigated in 
order to understand the thermal performance of the disc brake. 
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4.2 Background and theories 
Heat transfer can be defined as any change in the temperature distribution in the form of 
thermal energy transfer. There are three different modes of heat transfer which are as 
follows: conduction, convection and radiation, see Figure 4.1. The first mode is 
conduction which is the transfer of heat through material at different temperatures, in a 
stationary medium whether solid or fluid. The second mode is convection which is 
defined as the heat transfer between fluid and a solid surface when they are at different 
temperatures. The last mode is radiation which is defined as heat transfer due to 
electromagnetic radiation. The thermal analysis presented in this Chapter was carried 
out included all three modes with reference to Incropera et al. [102] and Limpert [103]. 
 
Figure 4.1: The three modes of heat transfer [102]. 
4.2.1 Fourier’s law for heat conduction 
It was explained above that heat transfer by conduction involves heat transfer between 
solids or stationary fluids: in this research the solid is the rotor and pads of the brake. 
The rate equation is used to compute the amount of energy transferred per unit time 
which is the well-known Fourier‟s law for heat conduction. The Fourier rate equation 
for one-dimensional steady state conditions is defined as: 
dx
dT
kqx   (4.1) 
where xq   is the heat flux per unit area in 
2/ mW , 
dx
dT
 is the temperature gradient and 
k  is the thermal conductivity in KmW ./  . 
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4.2.2 Newton’s law of cooling 
As explained in section 4.2, heat transfer between a surface and moving fluid is called 
heat transfer by convection, as shown in Figure 4.1. The rate equation for convective 
heat transfer is defined as: 
  TThq sconv  (4.2) 
where convq   is the convective heat flux in 
2/ mW , sT  is the surface temperature, T  is 
the fluid temperature (in this research the fluid is air) and h  is the convective heat 
transfer coefficient in KmW ./
2
. This equation is known as Newton‟s law of cooling. 
The heat transfer coefficient for a solid disc in an air flow parallel to the surface of the 
disc may be approximated as follows: 
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where od  is the outer diameter of the disc, ak  is the thermal conductivity of the air in 
KmW ./ and Re  is the Reynolds number: 
a
alV


Re  (4.4) 
where V is the vehicle speed in sm / , a  is the density of the air in 
3/ mkg , l  is the 
characteristic surface length (assumed to be the diameter of the disc) and a  is the 
viscosity of the air in smkg ./ . All the air properties are assumed to be at ambient 
temperature in the present work. 
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4.2.3 Radiation heat transfer 
As discussed in section 4.2, the last mode of heat transfer is radiation, as shown in 
Figure 4.1. The rate of radiation heat transfer from the surface per unit area is as 
follows: 
)( 44  TTq surrad   (4.5) 
where radq   is the heat transfer rate by radiation,   is the emissivity of the surface,   is 
the Stefan-Boltzmann constant = 428 /1067.5 KmW , surT is the absolute temperature 
of the surface in Co and T  is the ambient temperature in C
o . 
4.2.4 Thermal contact resistance 
There have been many studies regarding thermal contact resistance (TCR). TCR occurs 
between any two faces in contact because the real contact surface is just a small 
proportion of the actual contact area [104, 105]. This occurs because of the roughness of 
the two surfaces which can only be seen on the microscopic scale. Contact pressure has 
a large effect on thermal contact resistance; TCR is reduced with increased surface 
contact pressure [104]. The resistance to conductive heat transfer through the interface 
of two solid surfaces in contact is known as the thermal contact resistance ( condR ). 
TCR is suitable for describing the phenomena but in order to calculate the conductive 
heat transfer, the thermal contact conductance ( condh ) is more appropriate. The thermal 
contact conductance is the inverse of thermal contact resistance which is defined as 
follows [104]: 
cond
cond
R
h
1
  (4.6) 
4.2.5 Braking energy and power of the vehicle 
The potential and kinetic energy of a moving vehicle is transferred to thermal energy by 
frictional work during braking. The braking energy bE  
for a vehicle travelling from 
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velocity iv  to velocity fv  
where there is no change in potential energy (ground height 
above sea level) is given by (tyre slip and air resistances were neglected): 
   2222
22 f
ifi
I
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m
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where m  is the vehicle mass in kg , I  is the mass moment of inertia of rotating 
elements in the drive train in 
2.mkg , i  is the angular velocity of rotating elements at 
the start of braking in srad / , f  angular velocity of rotating objects at the end of 
braking in srad / , iv  is the velocity at the start of braking in sm / , and fv  is the 
velocity at the end of braking in sm / . If the vehicle comes to a complete stop, which 
means 0fv and 0f , then equation (4.7) becomes: 
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When comparing the kinetic energy of the rotating elements with the kinetic energy of 
the whole vehicle, it was found that the former is very small compared with the latter, 
and the braking energy in equation (4.8) can then be written [103] : 
2
2
i
b
Kmv
E   (4.9) 
where K  is the correction factor for rotating masses is given by: 
mR
I
K
2
1  (4.10) 
where R  is the tyre radius in m . A typical value for the correction factor K  for 
passenger cars is between 1.05 to 1.5 [103]. In order to study the thermal analysis for a 
single disc brake using equation (4.9), the braking energy for a single front wheel 
station is given by: 
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22
2
if
b
Kmvx
E   (4.11) 
where fx  is the ratio of braking energy on the front axle to the total braking energy of 
the vehicle. So the braking power bP   on a single front wheel of the vehicle can be 
derived by differentiating the braking energy for a single front wheel in equation (4.11) 
with respect to time, i.e.  
dt
dE
P bb   , and then:
 
aKmv
x
P i
f
b
2
  (4.12) 
where a  is the deceleration of the vehicle in 2/ sm . 
The previous derivation covered the braking power for a constant deceleration stop. In 
the case of a drag brake event or when there are changes in the potential energy, the 
same procedure can be used but with the adjustment of fv and f . 
4.3 One-dimensional thermal model theory 
The main aim of this Chapter is to develop an understanding of the thermal performance 
of the solid disc brake using a one dimensional thermal model. In this section the one 
dimensional thermal model was derived and developed. The derived equations were 
solved using Matlab software. 
4.3.1 Assumption 
In order to predict the temperature distribution of the brake disc and brake pad, the heat 
flux generated by friction between the pad and disc is required. The heat flux 
distribution between the disc and the pad is illustrated in Figure 4.2 In this study the 
thermal analysis is carried out according to the following assumptions: 
 The kinetic energy changes to thermal energy without any other form of energy 
loss during braking.  
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 The frictional heat between the pad and the disc transfers uniformly to the 
friction surface during braking. 
 The heat flux generated through friction between the pad and the disc is 
transferred from the friction interface to the brake parts by conduction. 
 Heat transfer by radiation from the disc is included in this study along with heat 
transfer by convection and conduction. 
 All brake parts are assumed to be at steady state conditions and constant 
temperature before braking. 
 
Figure 4.2: Heat flux distribution between the disc and pad. 
4.3.2 Formulation  
The one dimensional working layout model of the solid disc brake is illustrated in 
Figure 4.3. This model was used to derive the finite difference equation required to 
evaluate the thermal performance of a disc brake. There are two different approaches to 
defining the heat flux: the first approach assumes that the heat flux is distributed equally 
over the rubbing surfaces. The second approach is applying the heat flux on an arbitrary 
fixed point on the mean rubbing radius. This fixed point rotates with the disc and the 
heat flux is applied to that point. 
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Figure 4.3: One dimensional thermal model for a brake disc. 
The heat diffusion equation or heat equation with constant thermal conductivity is as 
follows: 
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 where 
pc
k

   is known as the thermal diffusivity. This equation provides the 
temperature distribution ),,( zyxT  as a function of time, which will help in deriving the 
transient one dimensional numerical analysis for the brake. Considering the one 
dimensional system in Figure 4.3 under transient conditions with no internal heat 
generation and constant properties, Equation (4.13) becomes: 
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The central difference approximation to the spatial derivative is as follows: 
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Then by using the central difference approximation to the spatial derivative equation 
(4.15) and substituting it into equation (4.14), m is used to designate the location of the 
nodal point in x , the subscript n  is used to designate the location of the nodal point in 
y and the superscript p is used to define the time dependence of T where: 
tpt   (4.16) 
Then the equation for the finite difference approximation to time derivative in equation 
(4.15) can be expressed as: 
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Utilizing equation (4.17) and (4.15) in equation (4.14): 
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Equation (4.18) is valid for the interior nodes. This equation may be used for the node 
on the symmetry adiabatic, with 
p
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For the surface node with convection and radiation heat loss, the numerical analysis can 
be derived using the energy equation as follows: 
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where stE
  is the rate of stored energy (mechanical and thermal), gE
 is the rate of the 
thermal energy generation and inE
 and outE  are the rates of the energy entering and 
leaving the control surface (inflow and outflow energy). Rearranging equation (4.20) for 
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The mathematical stability condition should be satisfied in order to have a stable 
system, which requires choosing M to satisfy the following condition: 
22  NM  (4.22) 
The above equations are valid for a solid disc brake. In the case of coated solid disc 
brakes the same procedure was carried out. Figure 4.4 represents the one dimensional 
thermal model of the coated brake disc.  
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Figure 4.4: One dimensional thermal model for a coated brake disc. 
The finite difference equations for the coated disc can be written as follows: 
For the interior node of the disc and coating, the temperature is defined as follows: 
For the disc: 
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For the coating: 
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For the centre point where the symmetry line is: 
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For the point between the coated material and the substrate (disc), the temperature is 
defined as follows:  
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For the disc surface node (coating surface): 
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4.3.3 Initial condition parameters and initialization 
The one-dimensional Matlab model was simulated for different disc brake materials as 
presented in Table 4.1. In addition, the initial conditions and parameters used in 
simulations are presented in Table 4.2, unless otherwise specified. The partition ratio for 
most of the simulations was assumed constant as shown in Table 4.2, but in reality this 
value depends on the material of the brake and pads as described in section 4.3.4.2. 
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Table 4.1: Thermal properties for different solid materials [13, 17, 25, 106, 107] at 
room temperature (20 
o
C). 
Materials Density ρ 
[kg/m
3
] 
Specific heat cp 
[J/kg.K] 
Conductivity k 
[W/m.K] 
Aluminium Alloy (6082-T6) 2700 895 180 
Steel 7854 434 60.5 
Grey Cast Iron (GCI) 7200 649 53 
Al-MMC (AMC640XA) 2900 800 130 
Alumina coating 3030 828 1.6 
Pad Material 2596 827 0.736 
Table 4.2: Initial conditions and parameters used for the simulation [13, 108]. 
Parameter Value Parameter Value 
Disc thickness, ts 0.02 m Proportion of braking at front 
axle, xf 
 
 
0.7 
Rate of deceleration, d 0.7 g Pad area, A 4100 mm
2
 
Number of nodes 100 Pad arc angle, θp 60° 
Heat Partition ratio, p 0.17 Initial speed, vi 100 km/h 
Surrounding air 
temperature, T∞ 
30 °C 
Final speed, vf 0 km/h 
Vehicle wheel diameter, dt 0.6 m 
Vehicle mass, m 1400 kg Brake disc diameter, do 257 mm 
 
In order to solve the finite difference approximation presented in the previous section, 
the following equations were used to calculate some quantities as shown in Table 4.3. 
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Table 4.3: Initialization parameters used for the simulation. 
Parameter Expression 
Deceleration force (N) dmF 82.9  
Brake force at each front wheel (N) 
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d
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2
) 
s
fi
d
t



  
Disc mean rubbing radius (m) 
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Disc circumference at mean rubbing radius (m) dd rc 2  
Circumferential distance covered by pad along mean rubbing   
radius (m) 360
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Radial pad thickness (m) 
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4.3.4 Solution procedure 
In order to replicate the real braking scenario, a rotating heat source was addressed in 
the one-dimensional model. In the model, a fixed point was chosen at the disc surface in 
order to examine the different cases where the point is under the pad, or exposed to the 
environment. In the time where the point of interest rotates outside of the pad, then no 
heat goes into the disc which implies that the heat is transferred to the surroundings by 
convection and radiation. On the other hand, when the point of interest is underneath the 
pad, then the frictional heat generated will dissipate between the disc and the pad and 
there is no heat transfer by convection and radiation to the surroundings. In order to 
apply this method, the rotational speed of the specified point of interest is calculated and 
tracked at each time step. In addition, constant heat flux can be applied on the rubbing 
surface which eliminates the effect of convective heat loss between the rubbing surface 
and the environment where the point is under the pad. 
The heat flux distribution and the portioning ratio were derived as presented later in 
order to solve the finite difference equations. The relation between the temperature and 
heat flux using the heat transfer formula for a semi-infinite solid is given by [109]: 
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where the function ierfc (integral of the complementary error function) is given by: 
   



d
x
exerf
xerfxxxierfc



0
2
)(
)(1()exp(
1
2
2
 (4.29) 
Using equation (4.28) at x =0, the heat flux between the frictional surface of the pad and 
disc can be calculated, because the temperature on the frictional surface is the same for 
both surfaces: 
Chapter 4: One-dimensional thermal models 78 
__________________________________________________________________________________________________________ 
),0(),0( tTtT PR   (4.30) 
where RT  is the temperature of the rotor and PT  is the temperature of the pad. Solving 
equations (4.28) and (4.29) with (4.30), the ratio of heat flux into the pad to the total 
heat flux can be defined as [103]: 
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where   is the ratio of heat flux into the pad to the total heat flux, Pq   is the pad heat 
flux, Rq   is the disc heat flux, Pc  is the specific heat of the pad, Rc  is the specific heat 
of the disc, Pk  is the thermal conductivity of the pad, Rk  is the thermal conductivity of 
the disc, P  is the pad density, and R  is the disc density. Utilising equations (4.28) 
and (4.31) and the frictional surface area A , the pad and disc heat flux can be defined 
as: 
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(4.33) 
Equations (4.32) and (4.33) are valid for short brake applications in the case of 
negligible cooling of the brake. In the case of repetitive or continuous braking, 
equations (4.31), (4.32) and (4.33) cannot be used because of the convective heat 
transfer and the thermal contact resistance between the pad and the disc at higher brake 
temperatures [103, 110]. This problem can be solved by using a heat flux correction 
factor , which is the ratio of the real input heat flux into the brake system to the 
maximum total heat flux. Then equations (4.32) and (4.34) become [111]: 
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Equations (4.34) and (4.35) are valid for repetitive or continuous braking, and are also 
valid for a single braking event. 
4.3.5 Matlab model structure 
The above equations were embedded within a bespoke Matlab m-file to investigate the 
temperature distribution through the disc brake. The overall Matlab model structure is 
shown in Figure 4.5. In the model, the first step is to calculate the time step and mesh 
size from the input parameter using the stability equation. Then the heat flux profile, 
convective heat transfer coefficient, radiation heat loss and rotational speed of the disc 
at each time step are calculated together. After that, the calculated parameters were 
utilized to solve the finite difference equations to find the temperature distribution 
through the disc at each time step. The rotational speed at each time step is required to 
evaluate the rotating heat source effect during each revolution of the disc. The 
temperature rise at the friction interface node and the other nodes are determined by the 
amount of energy dissipated at the surface. 
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Figure 4.5: The overall Matlab model structure. 
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4.3.6 Sensitivity analysis 
In order to have confidence in the results from the one-dimensional model, sensitivity 
analysis was carried out based on Fourier number stability condition (equation 4.22) to 
investigate the effect of the number of nodes on the accuracy of the results. In addition, 
the sensitivity analysis was carried out to investigate convergence of the governing 
equations. Using the material properties, initial conditions and parameters in Table 4.1 
and Table 4.2, the maximum surface temperature difference versus number of nodes for 
a cast iron disc brake relative to a 100 nodes reference relative model is presented in 
Figure 4.5. It was found that, as the number of nodes increased, the temperature 
difference relative to the 100 nodes model decreased. Furthermore, Figure 4.6 shows 
that the number of nodes has significant effect on the surface temperature, especially 
when the number of nodes is below 60. As a result the 100 nodes model was chosen to 
carry out all the simulations in this study, except for the coating simulation as discussed 
below. 
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Figure 4.6: Sensitivity analysis simulation. 
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The above sensitivity analysis is valid for the normal disc without coating; in the case of 
a coated disc 100 nodes will not be sufficient to give an accurate result. According to 
the numerical equations in section 4.3.2, there are two stability conditions that should be 
met in order to have a stable system, which are as follows: 
22  RR NM   and  22  CNMC  
In order to satisfy these two conditions, three parameters should be found, namely the 
number of nodes inside the disc, the number of nodes inside the coating and the time 
step; the time step should be constant for both cases. In order to find these three 
parameters, it is necessary to assume the number of nodes for the disc or the coating and 
then find the other two parameters. In the case of 100 nodes inside the disc, it was found 
that the number of nodes inside the coating is not an integer, which leads to an 
approximate value. The best way to solve this problem is to assume the number of 
nodes inside the coating and then to find the number of nodes inside the disc: it was 
found that for every 10 nodes inside the coating, 227 nodes were required inside the 
substrate to give accurate results. It was concluded that there is a trade-off between the 
number of nodes and the simulation run time. In the case of a coating disc, it was found 
that 10 nodes inside the coating give excellent results. 
4.3.7 Limitations 
There were some limitations due to assumptions which have an effect on the accuracy 
of the model results. These limitations could be reduced with the help of experimental 
results. One of the major assumptions made was the heat partitioning ratio between pad 
and disc. Most researchers in the literature used a constant partitioning ratio but a few 
researchers investigated the effect of partitioning ratio on the thermal performance of a 
disc brake. Experimental analysis of disc brakes could be the key to obtaining more 
accurate partitioning ratio. Furthermore, the convective heat transfer coefficient was 
estimated by assuming that the disc is a flat plate and air streams over the whole surface 
of the disc with a constant velocity. This assumption neglects the effect of interaction of 
the air flow with other components and surfaces, such as the wheel hub, caliper, wheel, 
and so on. Finally a number of parameters were taken from the literature or were 
estimated which may have a limited range of applicability and might affect the results. 
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4.4 Abaqus One Dimensional Model 
The performance of the disc brake was also analysed using Abaqus finite element 
analysis (FEA) software. A 1D FEA model was first validated against the Matlab model 
and then used as a guide to develop the 2D and 3D FEA models. Also the 1D FEA 
model was used to investigate different approaches to including the effect of a coating 
layer with or without explicitly modelling it. The 1D transient heat transfer FEA model 
was meshed using 4-node linear axisymmetric heat transfer quadrilateral elements 
(DCAX4). The same boundary conditions as for the 1D Matlab model (see section 4.3) 
were applied in the 1D Abaqus model as shown in Figure 4.7. The overall Abaqus 
model structure is shown in Figure 4.8 [112]. 
 
Figure 4.7: One dimensional FE model of brake disc in Abaqus. 
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Figure 4.8: The overall Abaqus model structure. 
 
In order to ensure an accurate temperature distribution across the disc brake in the 1D 
Abaqus model a mesh sensitivity analysis was conducted. It is very important to make 
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sure that the mesh is dense enough through the thickness of the disc to account for the 
changes in temperature in this dominant direction of heat conduction. The maximum 
temperatures at the surface and central nodes of the disc were compared for different 
mesh densities. As explained above, the 1D transient heat transfer model of the disc 
brake was meshed using 4-node linear axisymmetric heat transfer quadrilateral elements 
(DCAX4) with the same initial and boundary conditions as for the Matlab model. The 
material properties for the cast iron disc used in the mesh convergence study simulation 
are shown in Table 4.1 and the braking scenario parameters and conditions are shown in 
Table 4.2. 
Table 4.4 and Figure 4.9 show the maximum temperatures at the disc surface and disc 
centre for different mesh densities (number of nodes). From the results it was concluded 
that the number of nodes has only a small effect on the temperature distribution. It was 
found that the maximum temperature of the disc was stable at 64 nodes. On the other 
hand, as the number of nodes increased beyond 64, the simulation time increased 
significantly so there is a trade-off between the mesh density and the simulation time. 
According to the mesh convergence study, 64 nodes will be sufficient for the 1D heat 
transfer model. 
Table 4.4: Mesh sensitivity analysis for the one dimensional Abaqus model. 
Nodes Surface temp [
o
C] Central temp [
o
C] 
2 103.6 66.1 
4 104.3 67.9 
8 104.3 68.4 
16 104.3 68.5 
32 104.3 68.5 
64 104.3 68.5 
128 104.3 68.5 
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Figure 4.9: Mesh density sensitivity analysis for 1D Abaqus model. 
 
4.5 Validation of the One-dimensional Matlab model 
The 1D Matlab model was validated against the 1D Abaqus model and literature results 
in order to make sure that the 1D Matlab model is robust and can be used to carry out 
the investigation of various disc brake materials with different braking conditions. 
4.5.1 Validation of the 1D model against literature 
The one-dimensional Matlab model was validated against the results from the literature 
[10]. The material properties used in this simulation are for steel, as shown in the 
second line of Table 4.1. In addition, the specification of the disc brake modelled is 
presented in Table 4.5. 
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Table 4.5: Parameters of automotive brake application [15, 17].  
Inner disc diameter 132 mm 
Outer disc diameter 227 mm 
Disc thickness 11 mm 
Mean sliding radius 94.5 mm 
Convection coefficient 60 Wm
-2
K
-1
 
Vehicle mass 1800 kg 
 
Using the data in Table 4.1 and Table 4.5, the disc surface temperature was evaluated 
using the one dimensional Matlab thermal model, based on a braking duration of 4 
seconds, an initial vehicle speed of 100 km/h and a constant deceleration of 7 m/s
2
. The 
results were compared with the published results (Newcomb, 1960) as shown in Figure 
4.10. The calculated results show very good agreement with the published experimental 
results.  
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Figure 4.10: Disc surface temperature comparison between the current model and 
Newcomb [10]. 
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4.5.2 Validation of the 1D Matlab model with 1D Abaqus model 
The 1D Matlab model was validated against the 1D Abaqus cast iron disc model. The 
material properties, initial condition and braking parameters are shown in Table 4.1 and 
Table 4.2. The results derived from the Matlab show very good agreement with the 
results obtained from Abaqus model as shown in Figure 4.11. 
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Figure 4.11: Validation of the Matlab numerical model with the Abaqus model. 
4.6 Coating layer study 
The main problem of modelling a thin coating layer on the surface of the brake disc in 
Abaqus using an explicit or implicit algorithm is the thickness of the coating which is 
typically in the order of m ; this potentially requires a much denser mesh than for the 
substrate and causes high computation time. The thermal performance of a coated disc 
brake was therefore investigated using three different approaches: implicitly using a 
thermal contact resistance to regenerate the coating, explicitly modelling the coating 
with a very fine mesh and using sub modelling technique. 
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4.6.1 Thermal resistance modelling 
The standard Abaqus software was used to solve two different transient one 
dimensional heat transfer models. The first model consists of two bodies directly in 
contact in the form of an aluminium metal matrix composite (Al-MMC) disc and pad 
brake modelled using 4 node heat transfer elements as shown in Figure 4.12a. The 
second model consists of the same two bodies but with an alumina coating layer 
explicitly modelled on the Al-MMC disc brake as shown in Figure 4.12b. The axial 
thickness of the disc is 7 mm which is the same as the radius in the 1D model. The 
radial width of the disc and pad included in the model is also 7 mm although this is 
arbitrarily chosen as no heat flow occurs in the radial direction in this 1D model. In 
reality the coating thickness is on the scale of m  [113] but, in order to investigate the 
heat flow and temperature distribution through the coating layer, it was assumed that the 
coating thickness was 0.25 mm . This coating thickness was chosen to reduce the model 
size and computational time. The material properties for the disc, pad and coating used 
in this analysis are shown in Table 4.1. 
 
Figure 4.12: One dimensional transient models. 
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The two transient models were constructed and solved using Abaqus, one with the 
coating modelled as a thermal resistance on the disc rubbing surface (Figure 4.12a) and 
one with the coating modelled explicitly with finite elements (Figure 4.12b). A 4 second 
transient heat transfer analysis with 0.01 second time step was performed in both cases, 
using a 4 node heat transfer element (DC2D4). At the contact interfaces, surface contact 
with small sliding motion was chosen. The mesh size was chosen so that the distance 
between the nodes is 0.125 mm in the heat flow direction. A heat flux of either 
2/5101 mW  or 
2/5105 mW  was applied on the rubbing surface to represent both 
moderate and extreme braking events. Heat transfer by convection was considered from 
the non-conductive surfaces of the models with a heat transfer convection coefficient of 
30 KmW 2/  for both models, and the component initial temperature was set to 20 C
o .  
In the thermal resistance models Figure 4.12a, thermal resistance or conductance needs 
to be defined between the different bodies. The highest thermal conductance allowed by 
Abaqus, which is KmW 215 /101 , was used when there is no gap between the surfaces, 
in order to exclude the effect of thermal contact resistance between the physical coating 
layer and the disc and pad bodies in model Figure 4.12b. This procedure produced a 
zero contact resistance between the surfaces which is essential when aiming to focus on 
the effect of coating and avoid any other type of losses. The thermal resistance for the 
implicit coating model shown in Figure 4.12a was obtained using the thermal 
conductivity, thickness and cross-sectional area of the coating as follows: 
WKm
kA
x
Rcond /000156.0
6.1
00025.0 2

 
(4.36) 
Abaqus uses a thermal conductance rather than a resistance, which is equal 
to KmWRcond
2/6400/1  , and this was applied to the rubbing surface of the brake disc. 
A heat flux of 2/5105 mW  was used to evaluate the temperature across the disc and 
pad for both models. The temperature distribution at the end of the simulation (t= 4 s) is 
shown in Figure 4.13. The x-axis shows the distance from the bottom block (disc) to the 
top block (pad). In order to compare both results the temperature distribution of the 
thermal resistance model should be shifted by 0.25 mm  to the right (coating thickness).  
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The results in Figure 4.13 show that the thermal resistance approach can be used to 
model the effect of the coating layer with some limitations, the maximum surface 
temperatures for both models are similar but there is a relatively small difference in the 
temperature across the disc itself with the temperatures being around 5
o
C higher for the 
thermal resistance model. This is because the higher thermal inertia ( pc ) of the 
coating compared to the substrate is not included in the thermal resistance model. The 
effect of this is to cause a lower proportion of the frictionally-generated heat to be 
transferred to the disc as can be seen from the simple heat partition equation (4.31): 
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Figure 4.13: Temperature distribution across the disc and pad without tuning. 
The thermal resistance model was then tuned through a trial and error process by raising 
the convection coefficient on the disc exposed surface. This increased the amount of 
heat that is transferred to the disc. Figure 4.14 shows the temperature across the disc, 
coating and brake pad for the two different models after tuning of the thermal resistance 
model at the end of simulation (t=4 sec). Again the x-axis shows the distance from the 
bottom block (disc) to the top block (pad). Note that in order to compare both results the 
temperature of the thermal resistance model should be shifted by 0.25 mm  to the right to 
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account for the coating thickness. The results show that the use of the thermal resistance 
model instead of explicitly modelling the coating layer with finite elements can give 
good accuracy if the model is tuned to account for the higher thermal inertia of the 
coating. 
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Figure 4.14: Temperature distribution across the disc and pad with convection 
tuning. 
4.6.2 Mesh density analysis 
In this section a mesh density study was carried out in order to find the effect of 
different numbers of nodes inside the coating with respect to the temperature 
distribution. The one dimensional finite element model shown in Figure 4.12b with the 
coating explicitly modelled was used in this analysis with the same conditions as 
explained in section 4.3. A heat flux of 2/5105 mW  was applied on the rubbing 
surface. The 1D finite element models were solved for three different mesh densities 
through the coating, as follows: 1, 2, or 4 nodes respectively.  
Figure 4.15 and Figure 4.16 show the spatial temperature distribution across the model 
and the temperature between the disc substrate and coating as a function of time 
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respectively. The results show that there is a negligible effect of the mesh density on the 
temperature distribution, which suggests the use of a smaller number of nodes inside the 
coating with good resolution results. In this study, one node inside the coating was 
chosen to carry out the subsequent simulations, which reduces the memory and time 
required to conduct such an analysis. 
0 0.005 0.01 0.015
20
40
60
80
100
120
140
160
180
200
Length [ m ]
T
e
m
p
e
ra
tu
re
 [
 o
C
 ]
 
 
1 node
2 node
4 node
PadDisc
 
Figure 4.15: Temperature across the disc and pad brake for different mesh density 
through the coating. 
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Figure 4.16: Temperature between the disc and coating for different mesh density. 
4.6.3 Sub-modelling analysis 
Sub-modelling is an effective technique used in Abaqus to analyse a local region with a 
refined mesh established by interpolation of the solution from an initial global model. In 
order to investigate the temperature distribution through the thin coating and disc 
substrate, a sub-modelling technique was used. The first step is to create the global 
model which is the complete 1D thermal model of the disc brake as shown in Figure 
4.17. The global model was solved using Abaqus to create the input data and boundary 
condition for the sub-models, with no need for a fine mesh in the global model. Sub-
models can subsequently be created and linked to the global model in order to define the 
various parameters such as heat flux, contact algorithm and partitioning ratio. In the 
sub-model a refined mesh was used in order to investigate the detailed temperature 
distribution across the model. In this section three different sub- models were 
investigated which are the pad, disc substrate and coating as shown in Figure 4.17. 
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Figure 4.17: Global and local 1D thermal models of disc brake. 
The same braking parameters, boundary conditions and materials properties used in 
section 4.6.1 was used in this analysis with heat flux of 2/5105 mW . The global model 
used in this study is exactly the same model as described in section 4.6.1 with different 
mesh size as shown in Figure 4.18. The model was solved in Abaqus and the 
temperature distribution after 4 s is shown in Figure 4.18. The temperature distribution 
of the global model was compared with the temperature distribution of the same model 
with the fine mesh described in section 4.6.1. The comparison demonstrates that there is 
only a small difference between the results from the two models which also was shown 
in the mesh sensitivity study in section 4.6.2. Using the fine mesh to solve the global 
model will require large CPU time and memory.  
Global Model Local Models Refine mesh 
Pad 
Coating 
Disc 
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Figure 4.18: Temperature distribution of the global 1D thermal models at t =4s. 
The thermal distribution of the coating with a fine mesh was investigated using the sub-
modelling technique as shown in Figure 4.19. The coating model was linked with the 
global model using two boundary conditions at the contact surfaces in order to define 
the contact algorithm and the thermal distribution. Furthermore, the same analysis was 
used to investigate the temperature distribution of the disc and pad 1D thermal model 
with the results as shown in Figure 4.20 and Figure 4.21 respectively. 
Finally, the temperature distribution across the full model was compared for both global 
and local models as shown in Figure 4.22. The results show that there is a small 
improvement in the results using the sub-modelling technique; also it was found that 
using the sub-modelling technique can save CPU time and memory. 
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Figure 4.19: Temperature distribution of the local coating thermal models at t=4s. 
 
Figure 4.20: Temperature distribution of the local substrate thermal models at t 
=4s. 
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Figure 4.21: Temperature distribution of the local pad thermal models at t =4s. 
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Figure 4.22: Temperature distribution of the local and global models at t = 4 s 
Pad 
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4.7 Controlling the Abaqus model through Matlab code 
4.7.1 Problem definition  
Abaqus is a powerful finite element software with which to study and analyse the brake 
disc thermal problem. In the current research, disc brakes were investigated using both 
Matlab and Abaqus software. Matlab and Abaqus models showed very good agreement 
in the predicted temperature but with limitations. The main parameter in the braking 
event is the heat flux. Heat flux was calculated using both Matlab and Abaqus software, 
and it was found that Abaqus required long computational time and a great deal of 
memory to perform such calculations. The main problem associated with Abaqus was 
the time and memory usage for the Abaqus/Matlab coupled thermal analysis. In this 
section, Matlab code was developed to calculate the heat flux profile and then 
communicate with the Abaqus model to utilize a finite element solver inside Abaqus to 
perform thermal analysis. This then enables 2D axisymmetric and potentially even 3D 
analysis to be carried out. 
4.7.2 Solution procedure 
Both Matlab and Abaqus have their own advantages and disadvantages. In this research, 
in order to investigate the thermal performance of solid disc brakes for different braking 
scenarios, both Abaqus and Matlab were utilized to carry out the analysis. The main 
problem with Abaqus modelling was the time and memory usage for coupled thermal 
analysis. This problem was solved by using uncoupled analysis with the help of Matlab 
code in order to calculate the heat flux profile (braking scenario). Figure 4.23 shows the 
overall structure of the code used to interact between Abaqus and Matlab. Another 
advantage of using this code is the potential to utilize the optimization toolbox in 
Matlab with Abaqus modelling power. 
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Figure 4.23: The overall Matlab/Abaqus model structure. 
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Modify the heat flux profile, time step and mesh size in the Abaqus input 
file 
Read the output results 
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4.7.3 Benefits 
Controlling the Abaqus model using Matlab has many benefits, including the ability to: 
 Carry out different braking scenarios such as: drag braking, repetitive 
brake application, Alpine test, and so on. 
 Perform optimization on the disc brake by utilizing the optimization 
toolbox in Matlab. 
 Investigate the wear rate in the disc brake by changing the surface profile 
of the disc and pad. 
 Investigate the contact pressure between the disc and pad surfaces. 
 Minimizing output volume of the results and better results processing. 
 Direct control of input and output parameters via Matlab. 
4.8 Parametric study 
A parametric study is essential in analysing the different brake design parameters 
because it helps to: define the different parameters for evaluation, define the parameter 
range, identify the design constraints, and analyse the results for each parameter. In this 
section, the simulation results for the 1D transient heat transfer model are presented and 
discussed, as various model parameters are varied around their nominal values, as 
defined in section 4.3.3. The various parameters that are investigated in this section are 
the disc material, convection coefficient, disc thickness, pad materials, initial vehicle 
velocity, vehicle mass, rotating heat source and coating thickness. The braking 
parameters, material properties and conditions used in these simulations are shown in 
Table 4.1 and Table 4.2 unless otherwise specified. 
4.8.1 Effects of disc materials 
Material thermal properties are very important factors that have an impact on the 
thermal performance of disc brakes. Although it is easy to find the optimum thermal 
properties for any desired application, it is hard to design and produce the optimum 
material. In this section three different materials were investigated. These are: grey cast 
iron (GCI), aluminium alloy (Al-Alloy, 6082-T6) and aluminium metal matrix 
composite (Al-MMC, AMC640XA).  
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Figure 4.24 shows the temperature distribution through the disc for different disc brake 
materials. It was found that both Al-Alloy and Al-MMC experience higher temperatures 
than the GCI disc, which was expected based on the thermal properties of the discs 
shown in Table 4.1. Furthermore, the temperature of the Al-MMC is higher than that of 
the Al-alloy which also was expected because Al-alloy has a higher thermal inertia than 
the Al-MMC. 
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Figure 4.24: Disc brake temperature distribution for different disc materials. 
4.8.2 Effects of convective heat loss 
At the beginning of this Chapter, heat transfer by convection was explained; in order to 
find the effect of convection heat loss on the disc brake temperature, different 
convection coefficients were used with the results simulated as shown in Figure 4.25. It 
was demonstrated that the convection coefficients have a very small effect on the 
temperature distribution for this particular braking event. The effect may be more 
significant for larger duration event such as Alpine decent. 
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Figure 4.25: Disc brake temperature distribution for different convective heat 
transfer coefficients. 
4.8.3 Effects of disc thickness 
The weight of the disc depends on the disc geometry and material density. One of the 
parameters that influence disc geometry is the disc thickness, which also has an impact 
on the total weight of the disc. Various studies have been made in the area of reducing 
the weight of disc brakes in order to reduce emissions and fuel consumption [18-20]. 
In this section, temperature distribution through a GCI disc brake for different disc 
brake thicknesses was simulated, as shown in Figure 4.26. It was concluded that the disc 
thickness has only a small effect on the surface temperature, but has a large effect on the 
central plane temperature. 
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Figure 4.26: Disc brake temperature distribution for different disc thicknesses. 
4.8.4 Effects of pad material 
Automotive industries have investigated and developed different pad materials in order 
to improve the performance of braking systems. Pad materials properties may have 
large effects on the thermal performance of braking systems, because they have an 
influence on the proportion of the frictionally-generated heat to be transferred to the 
disc as can be seen from the simple heat partition equation (4.31): 
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In this section different pad materials were specified as shown in Table 3.6, to 
investigate the effect of pad material on the thermal performance of solid cast iron disc 
as shown in Figure 4.27. It was found that the pad materials do indeed have large effects 
on the temperature distribution of the disc brake, as expected. The temperature 
distribution depends on the partition ratio as shown in Table 4.6; it was found that the 
disc with the lower partition ratio has the highest temperature, as expected. 
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Table 4.6: Thermal properties for different pad materials [13, 15, 114]. 
Pad Number Density ρ 
[kg/m
3
] 
Specific heat cp 
[J/kg.K] 
Conductivity k 
[W/m.K] 
Partition ratio 
(Pad:Disc), p 
1 2596 827 0.736 0.0740 
2 2500 900 12 0.2482 
3 2595 1465 1.212 0.1200 
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Figure 4.27: Disc brake temperature distribution for different pad materials. 
4.8.5 Effects of initial vehicle velocity 
In order to investigate and understand disc brake thermal performance, initial vehicle 
velocity was investigated. Three different initial vehicle velocities were used to 
investigate the thermal performance of grey cast iron discs as shown in Figure 4.28. It 
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was concluded that as the initial vehicle velocity increased the disc temperature 
increased. This trend was expected because as the initial vehicle velocity increases the 
power required to stop the vehicle also increases which causes more heat to be 
generated and transferred to both the disc and pad. 
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Figure 4.28: Disc brake temperature distribution for different initial velocities. 
4.8.6 Effects of vehicle mass 
The weight of the vehicle is influenced by many factors: passengers, fuel, cargo, etc. 
The automotive industry uses the gross vehicle mass (GVM), which is the maximum 
operating mass of a vehicle, to investigate the thermal performance of disc brakes. In 
this study, the thermal performance of a solid grey cast iron disc was carried out using 
different vehicle masses in order to understand the effect of vehicle mass on the thermal 
performance of disc brakes. 
The results in Figure 4.29 show that the vehicle mass has a large effect on the disc 
temperature. It shows that as the vehicle mass increases the temperature significantly 
increases, which was expected. 
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Figure 4.29: Disc brake temperature distribution for different vehicle masses. 
4.8.7 Effect of rotating heat source 
Many researchers assume that the heat flux is distributed uniformly over the rubbing 
surface of the disc which neglects the effect of convection. In this section, a rotating 
heat was addressed in order to find the effect of this more accurate method of evaluating 
the thermal performance of disc brakes. 
Figure 4.30 shows the effect of a rotating heat source on solid cast iron disc 
temperatures. It was found that the rotating heat has an effect on the surface temperature 
of the disc only, as the temperature at the centre of the disc is almost unaffected. 
According to the results, the mean surface temperature with rotating heat follows 
approximately the surface temperature with heat flux distributed over the rubbing 
surface. However the maximum temperature reached in each revolution are higher by 
about 20
o
C. 
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Figure 4.30: Effect of rotating heat on the temperature distribution of the disc 
brake. 
4.8.8 Effect of coating thickness 
In the current research the main aim is to replace the conventional cast iron disc with 
lighter materials and one of the best candidates is Al-MMC. Although Al-MMC has 
very good thermal properties, the main problem is its maximum operating temperature. 
In order to solve the maximum operating temperature problem, Plasma Electrolytic 
Oxidation (PEO) coating has been proposed in the literature to protect the disc from the 
high operating temperature and to work as a thermal barrier.  
Using data contained in Table 4.1 and Table 4.2, the effect of coating thickness on the 
temperature distribution within an Al-MMC disc was predicted using the 1D Matlab 
thermal model (see Figure 4.31). As the coating thickness increased, the temperature at 
the surface increased because of the increased thermal barrier effect. Conversely, the 
temperature at the centre of the disc and between the coating and the substrate 
decreased. The increase in the surface temperature is much higher than the decrease at 
the centre of the disc and between the coating and substrate. It was concluded that 
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higher coating thickness can cause problems for the pad material as it has a large effect 
on the surface temperature of the coating. On the other hand, a thickness of 0.1 mm or 
less does not cause a very significant increase in disc surface temperature. These results 
provide the basis from which to develop guidelines for the selection of coating thickness 
in the future. 
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Figure 4.31: Effect of coating thickness on the temperature distribution of the disc 
brake. 
4.9 Summary 
In this Chapter, the derivation of detailed one dimensional heat transfer models was 
presented. One dimensional thermal models of an automotive disc brake were 
developed using both Matlab and Abaqus. The 1D Matlab thermal models were 
validated and compared with the results obtained from the literature and Abaqus. 
Overall it was found that the Matlab results showed good agreement with Abaqus and 
the experimental literature results. Abaqus was also used to model the coating layer in 
different ways. The thermal resistance modelling approach without explicitly modelling 
the thin coating layer reduces the analysis time by up to 20-25% and also reduces the 
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computer memory needed for such analysis. This approach could be of importance 
when modelling a coated three dimensional disc in Abaqus because it will save much 
time and reduce the model size. Despite the thermal resistance approach to modelling a 
thin coating layer giving very good results, particularly when using convection tuning, it 
needs more investigation before it can be implemented with confidence. The mesh study 
analysis was carried out to find the effect of the coating mesh density on the 
temperature distribution; it was found that there is a small effect of coating mesh on the 
temperature distribution. In addition, sub-modelling technique was used to investigate 
the temperature distribution through the disc, pad and coating. It was noticed that using 
sub-modelling could improve the temperature distribution and also save the CPU time 
and memory usage. This technique will be very valuable when dealing with 2D and 3D 
models. 
Furthermore, the Abaqus\Matlab interaction approach for solving the disc brake thermal 
performance was developed which has several advantages. For example, the new 
approach to analysis is significantly faster. The time required to perform a typical brake 
disc analysis has been reduced by up to 60-65%. The capabilities of modelling various 
braking events, such as drag braking, repetitive braking, Alpine test... etc, are apparent 
with the combined approach. In addition the interaction approach will be used in future 
to perform optimization analysis utilizing the optimization toolbox in Matlab. 
Furthermore, different braking analysis will be carried out using different disc and pad 
materials in order to investigate the possibility of replacing the conventional cast iron 
with a lighter disc material. Finally, parametric studies were carried out to investigate 
the effect of different parameters on the thermal performance of solid disc brakes. This 
approach will help to progress the design of experiments and subsequent sensitivity 
analyses. 
 
 
 
 CHAPTER 5:  
SCALING METHODOLOGIES AND TEST 
RIG DESIGN 
5.1 Introduction 
The thermal behaviour of disc brakes is a critical factor that demands to be 
consideration in the design phase. Although thermal modelling is useful at this stage, 
the brake system ultimately needs to go through a series of vehicle or real road tests 
before it can be released as a commercial product. Most researchers utilise the full brake 
dynamometer or the pin-on-disc rig to evaluate the performance of a disc brake. In this 
Chapter, a scaling methodology is proposed, to evaluate the thermal performance of a 
disc brake using a small scale brake dynamometer which is capable of replicating the 
same braking conditions and scenarios as the full brake dynamometer (real conditions). 
The small scale rig has the advantages of low cost and short operating time. The design 
detail and practical considerations of the small scale test rig are discussed and presented 
in detail and include the selection of various components that control and monitor the 
test rig. The small scale test rig was designed using scaling methodology proposed in 
the current Chapter. The selection of the small scale disc brake geometry and materials 
that will be used in the experiment and numerical analysis are also presented. An 
existing full scale brake dynamometer was used in the current research in order to 
validate the scaling methodology and investigate the thermal behaviour of the 
lightweight brake rotor under different braking conditions. A description of the full 
scale brake dynamometer is given. A comparison is made between the full and small 
scale brake dynamometers. The procedure used to calibrate the sensors and actuator for 
both rigs is explained. The commissioning of the newly developed small scale 
dynamometer is also explained in this Chapter. The experimental results and the test 
matrix which was used with the test rigs are presented in Chapter 7. 
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5.2 Scaling methodologies 
5.2.1 Scaling method 
The main aim of the scaling methodology is to develop a small scale rig that can 
replicate real world conditions accurately. There are many different parameters that 
need to be monitored and measured during the tests. One of the main parameters to be 
measured is the friction coefficient as a function of temperature, brake pressure and 
sliding velocity and it is very important to „maintain the one-to-one relationship 
between these parameters when comparing the small and full scale dynamometers. One 
way to achieve the desired goal is to scale the parameters by the pad area and maintain a 
constant relationship, including constant energy density. 
5.2.2 Scaling principle 
The scaling factor is the fundamental quantity used to develop the scaling methodology. 
The physical specification of the small scale test rig was developed by applying the 
scaling factor to the full scale rotational inertia and disc mass as explained below. The 
sliding velocity at the interface is preserved between the full and small scale rotors. In 
the following sections the detailed derivation of the scaling methodology used to 
develop a small scale test rig which is capable of replicating real world braking 
conditions is presented.  
5.2.2.1 Rotational inertia 
The main parameter for the proposed scaling process is the scaling factor ( S ), which is 
defined as the ratio between the full scale and small scale pad areas. If full scale 
parameters are denoted by a subscript F  and small scale parameters are denoted by a 
subscript S , then: 
S
F
A
A
S   (5.1) 
where FA  is the full scale pad area and SA  
is the small scale pad area.  
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The vehicle corner inertia ( FI ) for full scale is defined as: 
2
GFFF RMI   (5.2) 
where FM  is the vehicle corner mass for the full scale case and GFR  is the radius of 
gyration for the full scale case. Assuming that the energy density (energy per unit area) 
at the pad-disc interface is constant between the small scale case and the full scale case 
leads to finding the scaling of the rotational inertia. The energy per unit area is defined 
as: 
2
2
1
sF
F
F vM
A
E   (5.3) 
where FE  is the total energy for the full scale case and sv  is the sliding velocity which 
is assumed to be the same for both full and small scale. Substituting FM  from equation 
(5.2) into equation (5.3) leads to: 
2
2 








GF
s
F
F
F
R
v
A
I
E  (5.4) 
The corresponding energy density for the small scale case is similarity defined as: 
2
2 








GS
s
S
S
S
R
v
A
I
E  (5.5) 
where SE  is the total energy for the small scale case, GSR  is the corresponding radius 
of gyration and SI  
is the equivalent vehicle corner inertia. Equating the full scale 
energy density equation (5.4) with the small scale density equation (5.5) and 
simplifying the relation for the inertial ratio leads to: 
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2









GS
GF
S
F
S
F
R
R
A
A
I
I
 (5.6) 
The radius of gyration is a linear quantity and thus scales with 5.0S . Substituting the 
scaling factor equation (5.1) and the radius of gyration scaling factor in equation (5.6) 
leads to: 
2S
I
I
S
F   (5.7) 
5.2.2.2 Disc mass 
The disc mass was scaled by using the energy balance equation as follows: 
TcmQ pd   (5.8) 
where Q
 
is the heat flow from or to the disc, dm  
is the disc mass, pc  
is the specific 
heat and T is the difference between the final and initial temperatures. As it was 
assumed earlier that the energy density in the full and small scale cases should be equal, 
this leads to: 
S
A
A
Q
Q
A
Q
A
Q
S
F
S
F
S
S
F
F   (5.9) 
Substituting equation (5.8) into equation (5.9) leads to: 
 
  STcm
Tcm
Spd
Fpd 


 (5.10) 
One of the main aims of the small scale test rig is to replicate the same conditions as for 
the full scale case and this means that T should remain constant. Then equation (5.10) 
reduces to: 
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 
  Scm
cm
Spd
Fpd   (5.11) 
5.2.2.3 Brake torque 
The brake torque was calculated using the following equation: 
dtrF  (5.12) 
where tF is the tangential force at mean rubbing radius dr . The contact pressure for 
small and full scale was assumed constant in the current scaling methodology, which 
can be defined as follows: 
S
nS
F
nF
SF
A
F
A
F
PP   (5.13) 
where nFF
 
is the normal force for the full scale pad and nSF  is the normal force for the 
small scale pad. The normal force for the small and full scale is given by: 
StFSnF FF //   (5.14) 
where  is the coefficient of friction. Substituting equation (5.14) and (5.12) into 
equation (5.13) leads to: 
dSS
S
FF
F
rAdrA

  
(5.15) 
Substituting the scaling factor in equation (5.1) and the mean rubbing radius in equation 
(5.15) leads to: 
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SF S 
2
3
  
(5.16) 
5.2.2.4 Functional parameter 
In order to find the small scale rig rotational speed, the full scale sliding velocity is 
required as follows: 
t
i
dFsF
d
v
rv
2
  (5.17) 
where dFr  is the full scale mean rubbing radius, sFv  is the full scale sliding velocity, 
iv
 
the velocity initial forward speed and td
 
is the road wheel rolling diameter. The 
rotational speed of the small scale rig is given by: 
dS
sS
S
r
v
  (5.18) 
in which S  is the initial rig rotational speed, dSr  is the mean rubbing radius for the 
small scale case and sSv  is the sliding velocity for the small scale case. Equating the 
sliding velocity in equations (5.17) and (5.18), leads to: 









dS
dF
t
i
S
r
r
d
v2
  (5.19) 
Equation (5.19) defines the initial rig rotational speed as a function of the vehicle wheel 
rolling diameter, initial vehicle speed and mean rubbing radius for small and full scale 
rigs. In the conventional braking system the contact pressure is a function of hydraulic 
pressure on the brake calliper piston, or is the load on the master cylinder. In order to 
maintain the contact pressure at the pad-disc interface, it is necessary to derive the 
relationship between the load on the master cylinder and the contact pressure, taking 
into account the various parameters. Assuming that the full scale contact pressure is 
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known and equal to FP  , then the hydraulic pressure in the small scale case is defined 
as follows: 
piston
SF
S
A
AP
P   (5.20) 
where SP  
is the small scale hydraulic pressure, pistonA  is the calliper piston cross-
sectional area and SA  is the small scale pad area. Therefore, the force required on the 
master cylinder is defined as: 









piston
cyl
SFcyl
A
A
APF  (5.21) 
where cylA  
is the master cylinder cross-sectional area and cylF  
is the master cylinder 
force. Equations (5.20) and (5.21) are used to find the force required at the master 
cylinder. Finally, Table 5.1 and Table 5.2 summarize the constant parameters and the 
scaling relations respectively. 
Table 5.1: Scaling constant parameters [37]. 
Variable Symbol 
Sliding velocity 
sv  
Deceleration g  
Pad pressure P  
Energy density 
aE  
Disc temperature T  
Stop time 
st  
Chapter 5: Scaling methodologies and test rig design   118 
__________________________________________________________________________________________________________ 
 
 
Table 5.2: Scaling relations [37]. 
Variable Symbol 
Pad area SAA SF   
Effective radius 2/1Srr eSeF   
Rolling radius 2/1SRR rSrF   
Linear velocity 2/1SVV SF   
Torque 2/3SSF    
Inertia 2SII SF   
 
The proposed scaling methodology was developed based on the constant energy 
density. There are a number of factors that were not considered in the development of 
the current methodology which might have an impact on the results. Some of these 
factors are as follows: 
 Convective cooling was not considered in the scaling methodology which will 
have an effect on the overall thermal performance of the disc brake especially in 
the repeated constant G stop.  
 The brake pad geometry (aspect ratio) was not included in the current model but 
needs to be investigated in order to identify its influence on the overall thermal 
performance of small scale discs. 
 The full scale disc brake rotor geometry was not considered in the current 
scaling methodology as the thermal mass was scaled based on the scaling factor. 
This needs to be investigated as different brake geometries will also affect the 
convective cooling efficiency. 
 The coating thickness was not considered in the scaling methodology for the 
lightweight disc brake rotor which might influence the overall thermal 
performance of the disc brake rotor. 
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5.2.3 Selection of vehicle for scaling 
The thermal performance analysis of a lightweight brake rotor, using the proposed 
scaling methodology, was carried out on a Fiat Punto 188 1.4 hatchback for the 
following reasons: 
 The main problem with lightweight aluminium-based brake rotors is the low 
melting temperature which is of the order of 450
o
C. A small sized vehicle is best 
for investigating the possibility of using lightweight disc brake rotors in 
passenger vehicles as the small sized vehicle generates less energy input to the 
disc brake. On the other hand, using a medium or large sized vehicle will 
generate high energy input to the disc brake which might be too aggressive for 
the lightweight disc brake rotor. 
 The Fiat Punto 188 1.4 hatchback vehicle has solid disc brakes which are easier 
to investigate than ventilated disc brakes which are more complex to produce 
and more problematic from a scaling prospective. 
 In addition, the automotive industry needs to meet 2015 EU vehicle emission 
standards which means that they are required to reduce vehicle emissions by an 
average of 10% [1]. 
In this study the main motivation was to investigate the possibility of replacing the 
conventional disc brake rotor with a lightweight disc brake rotor beginning with an easy 
to work with, small sized vehicle, as explained above. The disc brake geometry for the 
selected vehicle is shown in Figure 5.1. In addition, the Fiat Punto specifications and 
parameters are shown in Table 5.3. 
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Figure 5.1: Fiat Punto disc brake rotor geometry. 
Table 5.3: Full scale parameters [115]. 
Vehicle Parameter Value Vehicle Parameter Value 
Pad area (mm
2
) 2736 Maximum speed (km/h) 205 
Mean rubbing radius (mm) 95 Disc inside diameter (mm) 120 
Disc outside diameter (mm) 240 Wheel rims size (mm) R15 
Disc mass (kg) 3.57 
Acceleration from standstill to 
100 km/h 
13.2 s 
Disc thickness (mm) 11 Vehicle weight (kg) 1400 
 
5.2.4 Scaling summary 
The scaling process can be completed over a series of steps which provide a small scale 
brake test for a given set of data and vehicle parameters. In order to quantify the scaling 
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parameters the following full scale parameters are required: pad area, vehicle mass, 
material heat capacity, disc brake mass, initial vehicle speed, wheel rolling diameter, 
mean rubbing radius and pad contact pressure. Then the scaling parameters can be 
derived using the scaling methodology equations in section 5.2.2. In this section, the 
scaling methodology was applied to the selected vehicle, which was a Fiat Punto. Using 
the scaling methodology proposed, the scaled parameters are as shown in Table 5.4.  
Table 5.4: Full and small scale parameters. 
Vehicle parameter Full scale Small scale Relation 
Scaling factor 1 3 
S
F
A
A
S   
Pad area (mm
2
) 2736 900 
Mean rubbing radius 
(mm) 
95 54 2/1Srr dSdF   
Inertia (kg m
2
) 44.1 4.9 2SII SF   
Disc outside diameter 
(mm) 
240 125 
 
  Smc
mc
Sp
Fp   
Disc mass (kg) 3.57 1.2 
Disc thickness, ts (mm) 11 14 
Corner weight (kg) 490 163 
S
M
M FS   
Rotational speed (rpm) 350 620 
5.0 S
s
f


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5.3 Test rig design and development 
The brake dynamometer is one of the most important pieces of equipment in the design 
process of any disc brake. It is used to find the optimum disc brake design that meets 
the desired objectives. In the current research two brake dynamometers were used to 
investigate the thermal performance of a lightweight brake rotor and to validate the 
scaling methodology. The first was an existing full scale brake dynamometer and the 
second a small scale one which was developed based on the scaling methodology 
proposed in this Chapter. In this section the general layout and specification of both full 
and small scale brake dynamometers are discussed and presented. In addition, the 
design and selection of various components for the small scale brake dynamometers are 
explained. The data acquisition and sensor set-up for both dynamometers are explained 
in detail. Finally, comparisons between the results from the full and small brake 
dynamometers are presented. 
5.3.1 Small scale brake dynamometer 
The small scale brake dynamometer was developed based on the scaling methodology 
presented above and the understanding from the one dimensional thermal model in 
Chapter 4. The general design and layout of the developed rig was based on an existing 
small scale dynamometer which was available in the lab at the University of Leeds. The 
main reasons for developing a new small scale dynamometer and not using the existing 
rig were as follows: 
 The existing rig design was found to conflict with the scaling methodology that 
was based on constant energy density. 
 There was no information available about the theoretical foundations and 
practical operation of the existing rig. 
 The existing rig used dead weight to apply the braking pressure which limits the 
braking condition to drag braking only, and made it too difficult to apply 
constant g stopping or repetitive braking conditions.  
 The overall setup of the existing rig is similar to a pin-on-disc configuration and 
this is not the same loading arrangement as for a real brake caliper. 
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For the above reasons it was essential to develop a new test rig that is capable of 
replicating full scale vehicle and real world conditions. Also it was important to have 
full control over the test rig and to be able to apply different braking conditions such as 
constant g stops and drag braking. 
5.3.1.1 General layout 
The general layout of the new small scale rig was based on, and used various 
components which were available in, the existing rig‟. A number of design guidelines 
were considered in the new rig which were as follows: 
 Using the existing 2 kW DC motor. 
 Utilizing the same base (support table) as the original rig. 
 Limiting shaft misalignment by using two bearings. 
 Restricting the disc brake location to the end of the rig to simplify the assembly 
and to allow the use of thermal imaging. 
 Minimizing the axial distance between the disc and flywheel in order to 
eliminate the deformation of the shaft under high load. 
 Positioning the bearings as close as possible to the main loads, such as the 
flywheel and clutch unit, to minimize the stress on the shaft. 
 Using an automated system to control the test rig especially the brake pressure. 
According to these general design guidelines, the layout of the developed small scale rig 
consists of a DC motor driving a main shaft through a shaft mounted clutch unit with 
the brake disc located at the end of the shaft as shown in Figure 5.2. In addition, two 
bearings were placed close to the flywheel in order to limit the stress magnitude on the 
main shaft and to provide stability. The design and selection of the main components of 
the rig are covered in subsequent sections. 
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Figure 5.2: General layout of the small scale brake dynamometer. 
5.3.1.2 Load calculations and design 
The design and selection of various components for the small scale test rig needed to be 
carefully considered. Identifying the major loads on the system was key to commencing 
the design and to selecting the major components of the test rig. The major loading 
magnitudes in the proposed layout are: motor drive torque, brake torque and flywheel 
weight. 
The existing DC motor was used for the developed rig as mentioned above, and the 
motor specifications were as follows: Maximum rotational speed of 4000 rpm and 
power of 2 kW. According to the motor specification the torque was calculated for 2 
kW power at 4000 rpm which indicates a torque of 4.8 Nm. The motor was modified so 
that the user could control it by varying the voltage through LabView software. The 
detailed control of the DC motor is explained in the data acquisition section. In the 
current study, a Fiat Punto was chosen for the scaling methodology and to test the 
thermal performance of a lightweight disc brake rotor, but the developed small scale rig 
will be used for different vehicles in the future. The brake torque was calculated for the 
worst case scenario: a Range Rover III 4.4 (05/05-) was chosen for calculating the 
maximum brake torque. The Range Rover data is as follows: mass approximately 2500 
kg slowing from 160 km/h at 0.9 g, a brake disc diameter of 360 mm, pad height of 
58mm and a tyre size of 255/60R18. The brake torque was calculated based on the 
DC Motor 
 
 
 
 
Clutch 
Encoder disc 
Bearing Bearing 
Flywheel 
Brake 
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available data and the maximum brake torque for the test rig which was in the order of 
290 Nm. 
The last loading factor is the flywheel weight, and according to the scaling methodology 
the moment of inertia of the small scale rig depends on the moment of inertia of the real 
vehicle (Full scale) and the scaling factor. In order to calculate the maximum weight of 
the flywheel, the inertia of different vehicles with different scaling factors needed to be 
investigated. The vehicle corner masses for typical passenger vehicles are in the range 
250 to 800 kg. The existing flywheel weight is 26.7 kg, the diameter and thickness of 
the existing flywheel are 325 mm and 43.5 mm respectively. The flywheel mass against 
vehicle corner mass was calculated for different scaling factors as shown in Figure 5.3. 
It shows that as the vehicle size increases (corner mass) the flywheel weight also 
increases, which was as expected. In addition, larger scaling factors will reduce the 
weight of the flywheel. In the current study, the existing flywheel was used in the small 
scale test rig in order to make sure that the rig was fully function before designing 
another flywheel, but the design of the test rig was based on a worst case flywheel mass 
of approximately 55 kg. 
 
Figure 5.3: Flywheel mass against scaling factor for different vehicle sizes. 
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5.3.1.3 Clutch and actuator selection 
In the design process of the small scale test rig, two important features were considered 
in order to assess the thermal performance of the small scale disc brake rotor under 
different braking conditions. The first feature was the ability to apply drag braking and 
the second feature was to apply the brake pressure as fast as possible using LabView 
software (constant g stop). In order to achieve the first goal it was necessary to find a 
mechanism that was capable of coupling the motor outlet to the main shaft. It was found 
that a shaft mounted clutch unit would be the best approach to achieving the desired 
goal. The selection of the clutch unit was based on the knowledge of the worst case 
design load from section 5.3.1.2. The general guidelines for clutch unit selection were 
as follows: electric or pneumatic actuation with decoupling mechanism, maximum 
torque of at least 10 Nm and bore diameter of 25 to 28 mm for main shaft and motor 
output shaft. In accordance with the general layout and guidelines, a pilot-mount clutch 
was selected as shown in Figure 5.4.  
 
Figure 5.4: Nexen L600 clutch unit schematic [116]. 
The clutch unit was located on the main shaft and the jaw type coupling of the existing 
rig, which was driven by the motor, was coupled to the output mount by a developed 
adapter. The selected clutch unit was the Nexen L-600, catalogue number 950150 [116]. 
The main characteristics of the unit were: bore size 25 mm, maximum static torque 44 
Input shaft 
Output Mount 
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Nm, maximum rotational speed 3600 rom, mass of 7 kg and the actuation/return by 
pneumatic/spring. The torque capacity of the chosen clutch unit was greater than the 
assumed load of 10 Nm which provides a safety factor against motor overload. The 
maximum rotational speed of the clutch unit was lower than the maximum speed of the 
existing DC motor (4000 rpm). Therefore, the maximum speed of the motor was limited 
to 3000 rpm to guarantee that the clutch unit would not be damaged. 
The second main feature was to apply the brake pressure as fast as possible in order to 
achieve the constant g stop. The main guidelines for the selection of the brake pressure 
mechanism were: maximum load on the master cylinder 340 N, the speed of the 
actuation needed to be as fast as possible and controlled using LabView. In accordance 
with the general guidelines, a linear actuator was selected which was capable of 
applying the desired braking pressure at the fastest speed by using the existing data 
acquisition (LabView). The chosen linear actuator was the ACME Screw Linear 
Actuator (LMR 01) as shown in Figure 5.5 [117]. The main characteristics of the unit 
are: maximum load of 1300 N and linear speed up to 52 mm/s as shown in Figure 5.6. 
 
Figure 5.5: ACME Screw Linear Actuator (LMR 01) [117]. 
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Figure 5.6: ACME Screw Linear Actuator (LMR 01) performance [117]. 
5.3.1.4 Main shaft design 
The critical part in the new small scale test rig is the main shaft because it needs to 
withstand worst case dynamic loads and accommodate the different components while 
sustaining a series of practical and manufacturing considerations. The main guidelines 
for the main shaft were: ensure that practical and manufacturing considerations are 
satisfied at all times; provide sufficient static location and support for various 
components at rotational speed up to 3000 rpm; provide mounting point for bolt; and to 
offer appropriate keyways for transfer of drive torque and to make sure that the material 
yield stresses are not exceeded under the worst case loads. The detailed design of the 
main shaft was carried out by an MSc student at the University of Leeds, including the 
detailed stress analysis based on the worst case loads [118]. The final design of the main 
shaft is shown in Figure 5.7. 
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Figure 5.7: Main shaft layout 
5.3.1.5 Brake system selection and design 
One of the main advantages of the small scale test rig is that it allows us to use a real 
braking system in order to replicate real world conditions. The main problem was in 
finding a small scale caliper that would fit the selected small scale disc brake. It was 
discovered that the Wilwood PS1 brake caliper (part no. 120-8374) [119] would fit the 
small scale disc brake rotor and the small scale test rig. The PS1 caliper is lightweight 
and compact, made out of aluminium, as shown in Figure 5.8. The caliper consists of 
two opposed pistons with a diameter of 28.6 mm, and is designed to accept brake discs 
between 3.8 and 5 mm in thickness. In accordance with the scaling methodology the 
thickness of the small scale disc brake rotor was calculated and it varied up to 35 mm 
based on the scaling factor. The limitation of the disc thickness was overcome by 
designing a spacer to obtain the desired thickness; also the spacer was used to provide 
mounting points for a pivoted arm arrangement. The pivoted arm arrangement was 
designed to enable torque measurement using a conventional load cell (REP transducer, 
type TC4) as shown in Figure 5.9. 
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Figure 5.8: Wilwood PS1 caliper [119]. 
 
Figure 5.9: 3D model of PS1 Caliper support arrangement. 
The stress analysis of the pivot arm arrangement was carried out based on the maximum 
brake torque. The support arm arrangement gave the user the ability to move the caliper 
in the vertical and horizontal directions in order to adjust the mean rubbing radius. The 
load cell was attached to the pivoted arm by using a tapered hole which allowed for fine 
adjustment of the vertical height. 
A further attention in the brake system was the brake pads, and the Wilwood PS1 
Caliper accepts Wilwood part no. 150-4091k brake pads as shown in Figure 5.10. The 
commercial Wilwood brake pads have a contact area of approximately 1260 mm
2
, 
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whereas the pad area for the small scale pads are 575 mm
2
 and 900 mm
2
 as shown in 
Figure 5.11. The first area (575 mm
2
) was used to investigate the thermal performance 
of the lightweight disc brake and the second area (900 mm
2
) to validate the scaling 
methodology. There were two methods of achieving the desired brake pad areas: 1.) 
remove or cut away part of the pad material to achieve the desired area; or 2.) produce 
the back plate and design the pad material according to the required dimensions. The 
first approach was used to achieve the first pad area, and the second to produce the 
brake pads for the thermal performance analysis. The second approach was achieved 
with the help of TMDfriction Company as they provide pad material for specific areas 
with special compositions to suit the lightweight disc brake rotor. 
The pad shape was designed based on the pad to disc rubbing surface area ratio while 
maintaining constant sliding velocity between the full and small scale disc brake rotors. 
In addition, the practicality of, removing or producing the pad shape was taken into 
consideration in the developed pad. 
 
Figure 5.10: Wilwood brake pads [119]. 
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Figure 5.11: Small scale brake pad geometry. 
The final consideration in the brake system design was the hydraulic pressure, which is 
required to actuate the caliper piston. The method of generating the required pressure is 
by using a master cylinder. The Wilwood Go Kart master cylinder (part no. 260-5520) 
[119], as shown in Figure 5.12, was chosen for the small scale brake system in order to 
generate the desired braking pressure. The Wilwood master cylinder was chosen due to 
its appropriateness for use with the PS1 caliper. A support bracket was designed to 
secure the master cylinder to the test rig bench as shown in Figure 5.12. The stress 
analysis was carried out for the developed design based on the maximum loads 
calculated. 
Pad area =575 mm
2
 Pad area = 900 mm
2
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Figure 5.12: Wilwood master cylinder and support arrangement [119]. 
5.3.1.6 Data acquisition and sensors 
One of the main objectives for the developed small scale test rig was to monitor and 
control the braking event remotely using LabView software. There were a number of 
variables which needed to be monitored and controlled during the test. These included: 
 The rotational speed of the rig. 
 The surface temperature of the disc brake rotor. 
 The hydraulic pressure in the brake system. 
 The disc brake surface temperature. 
 Brake pad temperature. 
 The brake torque generated during braking, and 
 The linear actuator to control the brake hydraulic pressure. 
The data acquisition system adopted was based on National Instrument hardware and 
software. The hardware used in the small scale test rig was the BNC-2090 adapter 
[120], shown in Figure 5.13, which consists of 22 BNC connectors for analog, digital 
and timing signals. In addition there are 28 spring terminals for digital and timing 
signals. The software used in the developed rig was LabView software which has the 
(b) Support bracket (a) Master Cylinder 
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ability to control and monitor the various components in the test rig and is compatible 
with the selected hardware. 
 
Figure 5.13: National instrument BNC-2090 adapter [120]. 
The general data acquisition configuration of the small scale test rig is shown in Figure 
5.14 which indicates that the user is in control of the braking pressure, motor speed and 
clutch unit while monitoring the temperature, braking pressure, motor speed and 
braking torque. LabView software can be modified to work with a different braking 
scenario depending on the user‟s requirements. 
Computer
User NI-DAQ
Thermocouples
Pressure 
transducer
Torque 
transducer
Speed encoder
Linear actuator
Motor speed
Input Output
Small scale brake dynamometer
Pneumatic 
clutch
 
Figure 5.14: General data acquisition configuration of the small scale test rig. 
The rotational speed of the small scale test rig was measured using the same 
configuration as the existing rig. The speed encoder system consists of a solid disc with 
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80 holes around its circumference located on the developed main shaft by a single grub 
screw and an infrared emitting diode facing an Optoschmitt detector encased in a black 
thermoplastic housing (HOA2001) [121], as shown in Figure 5.15. The HOA2001 
sensor logic provides a high output when the optical path is clear, and a low output 
when the path is interrupted. The rotational speed of the test rig was calculated based on 
the knowledge of the number of holes in the disc and the output signal of the sensor. 
 
Figure 5.15: Speed sensor configuration. 
The hydraulic pressure of the brake system was monitored during the test by using a 
pressure transducer (RS TYPE 461) [122]. The location of the pressure transducer was 
chosen to be as close as possible to the caliper in order to measure the actual pressure 
without any loss, as shown in Figure 5.16. The chosen pressure transducer can measure 
pressure up to 25 bar. Braided hose and Cupro- Nickel (Kunifer) pipe was used to 
connect the braking system together. The flexible braided hose was used to capture any 
movement of the caliper arm. In addition, the Kunifer pipe was used to make sure that 
the pressure was constant and the pipe will not expand with the time. 
Speed encoder disc 
Speed sensor      
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Figure 5.16: Pressure transducer setup. 
One of the main parameters which needed to be monitored during the tests was the 
surface temperature of the disc brake rotor and the temperature of the brake pad. The 
surface temperature of the disc was monitored using a rubbing thermocouple (K type, 
HTA1001A) [123], the temperature range of which was between -40
o
C and 1200
o
C, 
with accuracy of 1.5
o
C. The configuration and location of the thermocouples is shown 
in Figure 5.17. The sliding thermocouple was placed before and after braking at the 
mean rubbing radius. The location of the rubbing thermocouples is very important in 
order to obtain good comparisons and for use in the numerical analysis. Furthermore, 
the location of the disc at the end of the shaft was planned to allow thermal imaging of 
the disc. In addition, an embedded thermocouple was used to monitor the temperature of 
the brake pad; it was located 3 mm from the rubbing surface of the brake pad, as shown 
in Figure 5.18. 
Braided hose 
 
Pressure transducer 
 
Kunifer pipe 
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Figure 5.17: Rubbing thermocouple configuration. 
 
Figure 5.18: Brake pad embedded thermocouple location.  
Figure 5.18 shows the location of the embedded thermocouple inside the brake pad. It 
was fixed using Epoxy structural adhesive which has a very good thermal conductivity 
and high temperature resistance. The surface of the back plate was ground to remove the 
excess Epoxy and to make sure that the back plate surface was flat, as shown in Figure 
5.19. 
The surface temperature of the rotor was also monitored by using a high speed thermal 
imaging system (FLIR X6540SC) as shown in Figure 5.20, which shows an overview of 
the set-up of the camera on the small scale rig. The main advantages of using such a 
system are to be able to assess the temperature distribution across the whole rubbing 
 
  
T2 
T
1
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surface and to obtain the temperature response as fast as possible. The main feature of 
this thermal camera are: Fast frame rate up to 4300 Hz, high resolution Co1 , 
temperature range up to Co3000 , auto exposure, ultrasonic smart lenses, motorised 
filter wheel and configuration management. 
 
Figure 5.19: Brake pad with embedded thermocouples.  
 
Figure 5.20: Thermal imaging system configuration on the small scale rig. 
Rotor 
Thermal 
camera 
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The brake torque is one of the important parameters that must be monitored during the 
test in order to calculate the heat flux input that is required in the numerical validation. 
Also, it was used to evaluate the coefficient of friction and the partition ratio which was 
used in the numerical simulations. The brake torque was measured using a conventional 
load cell (REP transducer, type TC4), and the brake torque hardware configuration is 
shown in Figure 5.21. The brake torque was calculated based on knowledge of the force 
at a known position. 
The brake hydraulic pressure was controlled using the linear actuator chosen in section 
5.3.1.3. The control of the hydraulic pressure is processed based on a closed loop 
feedback system that was developed in LabView. The control algorithm for the brake 
pressure was based on knowledge of the pressure inside the brake line which was 
measured using the pressure transducer. The linear actuator was attached at the far end 
of the master cylinder lever in order to make sure that the maximum load required was 
as low as possible; the linear actuator configuration is shown in Figure 5.22. 
 
Figure 5.21: Load cell configuration.  
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Figure 5.22: Linear actuator configuration. 
The pneumatic actuated clutch unit was used to engage and disengage the motor output 
from the main shaft; the clutch unit was controlled using a control unit which consists of 
the following: Filter, regulator, 3 way valve, exhaust valve and lubricator, as shown in 
Figure 5.23. The clutch control unit was used to engage and disengage of the clutch unit 
through the 3 way valve. The actuation pressure of the air was between 1 and 5.5 bar. 
 
Figure 5.23: Pneumatic clutch set-up configuration. 
Clutch unit Clutch control unit 
3 way valve Filter and regulator Exhaust valve 
Actuator 
Master 
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cylinder 
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LabView software was used to communicate between the user and the various 
components in the system. Also it was used to record all the required data in order to 
analyse the results and use the data for numerical validation. The LabView user 
interface window is shown in Figure 5.24. It provides the user with all the key 
parameters, including disc surface temperature, brake pressure, load cell force, motor 
speed and brake pad temperature. In addition, the user can change the following: the 
motor speed, the constant g stop brake pressure and the drag brake pressure. This code 
was developed to provide the desired output of data from the small scale test rig but it 
can be modified to work with any braking scenario.  
 
Figure 5.24: LabView user interface window. 
Braking parameters control 
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5.3.1.7 Test rig specification and limitation 
The small scale test rig was developed in order to investigate the scaling methodology 
and to investigate the thermal performance of lightweight brake rotors under different 
braking conditions. The developed test rig can replicate different braking conditions and 
scenarios. The major characteristics of the small scale test rig are listed below: 
 Scaling factors 3-12 were chosen. A lower scaling factor would limit the use of 
constant g stopping because it would be difficult to replicate the required inertia. 
Scaling factors above 7 are preferable because they make it easy to replicate the 
desired inertia. 
 Pad equivalent diameter: the value and shape of the pad depends on the scaling 
factor and the full scale pad area. 
 Disc outer diameter 125 mm: the diameter of the disc was selected based on the 
brake system specification and the space limitation. 
 Maximum flywheel thickness was 90 mm, based on the maximum load 
calculation and the space available. In addition, the maximum flywheel mass 
was estimated as 55 kg. 
 A disc thickness of between 5 and 35 mm was considered in the design and 
selection of the braking system. 
 The maximum rotational speed of the motor was limited to 3000 rpm which 
allows for a wide range of vehicle speeds. 
 The maximum brake torque for the rig was calculated as 290 Nm. 
The developed test rig met all the objectives but there were some limitations that need 
to be addressed in the future. One of the main limitations is the DC motor torque which 
is 2 kW; this torque would not be sufficient to apply a drag braking with high brake 
torque. The motor issues were solved by using the full scale dynamometer with an 
adapter as will be explained in the next section to take the small scale brake rotor. The 
full brake dynamometer is capable of performing a drag brake under high torque. The 
detailed design and configuration of the full scale brake dynamometer will be explained 
in the next section. 
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The calibration of the various components, namely load cell, thermocouples, pressure 
transducer, speed encoder and linear actuator, are presented in Chapter 7. In addition, 
the commissioning process of the small scale test rig is explained in detail in Chapter 7. 
The assembly and disassembly of the small scale rig are shown in Appendix A. 
5.3.2 Full scale brake dynamometer 
The University of Leeds full scale brake dynamometer was used to validate the scaling 
methodology and also to investigate the possibility of using the lightweight brake rotor 
in a passenger car. In this section the general layout of the existing full scale brake 
dynamometer is explained, also the main features and parameters of the current test rig 
are highlighted. Furthermore, the design of a small scale adaptor for use with the full 
scale brake dynamometer is presented in detail. Finally, the data acquisition 
configuration and test rig limitations are discussed in detail. 
5.3.2.1 General layout 
The general layout of the existing full scale rig consists of a high torque DC motor 
driving a main shaft through a drive belt unit with the brake disc located at the end of 
the shaft, as shown in Figure 5.25. The existing rig consists of two bearings which were 
placed as shown in Figure 5.25. The speed and torque sensors were placed between the 
two bearings. 
The existing full scale brake dynamometer is capable of applying drag braking 
conditions only, as there is no inertia involved in the current setup. The full brake 
dynamometer has a 45 kW motor which is very important when applying a drag brake 
stop. The main components of the full scale brake dynamometer were as follows: motor, 
linear actuator, caliper, master cylinder, torque transducer, speed encoder and sliding 
thermocouples, as shown in Figure 5.26. The brake dynamometer was controlled and 
monitored using the LabView based data acquisition system. 
 
Chapter 5: Scaling methodologies and test rig design   144 
__________________________________________________________________________________________________________ 
 
 
 
Figure 5.25: General layout of the full scale brake dynamometer. 
 
Figure 5.26: Full brake dynamometer. 
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5.3.2.2 Small scale disc adapter 
In the development of the small scale test rig an issue was identified with the low torque 
DC motor and in order to overcome this problem it was decided to use the full scale 
brake dynamometer to carry on with drag brake scenarios for the small scale discs. The 
full scale brake dynamometer had a 45 kW motor which was more than enough to drive 
the small scale disc to its thermal limits. A special adapter was designed and developed 
to fit the small scale disc and brake system onto the full brake dynamometer, as shown 
in Figure 5.27. A stress analysis was carried out to make sure that the developed adapter 
was capable of taking the maximum desired torque. 
 
Figure 5.27: Small scale adaptor. 
5.3.2.3 Data acquisition and sensors 
The general hardware configurations of the full scale brake dynamometer for full and 
small scale dynamometer are shown in Figure 5.28. The user controls the test rig using 
in house LabView software that has been developed in order to give full control over 
the braking conditions. The user controls the braking pressure through the linear 
actuator and the speed of the motor while measuring the temperature of the disc and 
Developed adaptor 
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pad, braking pressure, braking torque and motor speed. In addition, the LabView 
software can be modified to replicate different braking scenarios. 
The surface temperature of the small and full scale disc brake rotor was monitored using 
sliding thermocouples, as shown in Figure 5.29. The location of the sliding 
thermocouples was fixed for both small and full scale discs in order to facilitate accurate 
comparison; also thermocouples results were used in the validation between the 
experimental and numerical results. The sliding thermocouples were placed, after 
braking, at the mean rubbing radius. The brake pad geometry for the full scale disc 
brake rotor is shown in Figure 5.30. 
Computer
User NI-DAQ
Thermocouples
Pressure 
transducer
Torque 
transducer
Speed encoder
Linear actuator
Motor speed
Input Output
Full scale brake dynamometer
 
Figure 5.28: Experimental setup of small scale brake dynamometer. 
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Figure 5.29: Full and small scale disc brake rotor thermocouple position. 
 
Figure 5.30: Full scale brake pad geometry. 
The actuation system for the full brake dynamometer was modified in order to produce 
a quick response. The same linear actuator used in the small scale test rig was used for 
the full scale rig, the system configuration is shown in Figure 5.31. The pressure 
transducer was located as close as possible to the brake caliper as explained earlier in 
this Chapter. The maximum load required for the master cylinder was calculated to 
make sure that the linear actuator was suitable. 
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Figure 5.31: Full scale brake system configuration. 
The in house LabView software for the full scale brake dynamometer is similar to the 
small scale software with minor modifications. The changes were the removal of the 
constant g stop control as the full scale rig cannot perform such an analysis and other 
changes regarding motor control and brake torque measurement. 
5.3.2.4 Test rig specification and limitation 
The existing full scale brake dynamometer is a powerful test rig for the evaluation of the 
thermal performance of disc brake rotors under different drag brake conditions. The 
high torque motor is one of the key components in the full test rig which provide a wide 
range of braking conditions. The general specification of the full brake dynamometer at 
the University of Leeds is as follows: direct drive no inertia; inline torque measurement 
up to 500 Nm; can hold both disc and drum brakes; 20:1 reduction gearbox; can mount 
small and full scale disc brake rotors; controlled by LabView. On the other hand, the 
main issue with the full scale rig is that it only executes drag brake tests which limits its 
application. The motor speed of the full rig is limited to 1500 rpm which also restricts 
the braking conditions it can simulate‟.  
5.3.3 Comparison between full and small scale rigs 
The full and small scale test rigs are valuable testing machines that can be used to 
evaluate the thermal performance of disc brakes, both are controlled by in house 
Linear actuator 
Master cylinder 
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LabView software that can be modified to simulate the desired braking scenario. There 
are many advantages and disadvantages to the full and small scale test rigs which are 
summarised in Table 4.5. The main advantages of the small scale rig are as follows: it 
can conduct drag, constant g and repetitive braking stops while the full scale equipment 
can only replicate drag brake scenarios. The main advantage of the full scale rig is that 
it has a high torque motor which is capable of performing high torque drag braking. The 
maximum hydraulic pressure for both rigs was limited to 25 bar because of the 
limitation placed on the pressure transducer by the scaling calculation. 
Table 5.5: Full and small scale comparison. 
Parameter Full scale Small scale Remark 
Motor maximum speed (rpm) 1500 4000  
Motor maximum torque (kW) 45 2  
Inertia (kg.m
2
) na Up to 55 kg 
flywheel 
 
Maximum hydraulic pressure 
(bar) 
25 25 Limited by the 
pressure 
transducer Constant g stop No Yes  
Drag brake Yes Yes  
Repetitive braking No Yes  
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5.4 Calibration and commissioning of test rigs 
The general layout and the design of the various components of the small scale 
dynamometer were explained in detail. In this section the small and full scale 
dynamometer configuration and set-up to complete the test matrix defined in section 7.2 
are explained. The control software used to control and record the data is presented 
above. In addition, the safety procedure carried out to make sure that the tests were 
conducted in a safe environment is discussed. The commissioning and calibration of 
both small and full scale brake dynamometers, in order to make sure that the results 
from the experiment were accurate and representative, are explained in section 5.4.2 and 
5.4.3. The commissioning of the test rigs to ensure that they were functioning as desired 
is also covered in this section. Finally, the outcome of the commissioning process is 
presented and discussed. 
5.4.1 Test rig setup and configuration 
The detailed design process for the small scale test rig was covered earlier. The test rig 
was fitted with various control and measurement instruments, as shown in Figure 5.32. 
The rig main shaft was driven by a 2 kW DC motor, controlled by LabView code which 
changed the input voltage to the motor driver in order to vary the shaft speed. The 
actuation of the pressure was controlled using a linear actuator which determined the 
movement of the piston within the master cylinder; the linear actuator itself was 
controlled by changing the input voltage to the system. A pneumatic clutch was used to 
connect the motor to the main shaft. The surface temperature of the disc was monitored 
using K-type sliding thermocouples and the pad temperature was measured with an 
embedded thermocouple; the thermocouple outputs was measured by a 4 channel signal 
conditioning unit. The speed of the main shaft was monitored and recorded during the 
test by using an optical shaft encoder system. In the new rig, a load cell was used to 
evaluate the braking torque by measuring the force acting on a specified point on the 
pivoted arm which is 17 cm away from the centre of the disc. In order to change the 
braking conditions, the brake line pressure was monitored and recorded during the test. 
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The brake pressure was measured using a pressure transducer which was connected to a 
12 V power supply through a signal condition box. 
The main features of the developed software were that both drag braking and constant g 
stop could be applied during any test. The user needed to specify the rotational speed of 
the motor, the drag brake pressure (if required) and the constant g stop pressure (if 
required). The rig was designed to accommodate different braking events and conditions 
in a safe environment.  
The working area for both brake dynamometers consisted of two separate sections, the 
control area which contained the monitoring and control station, and the testing area 
which included the brake dynamometers themself. The testing areas were separated by a 
safety door which had to be closed before performing any test. In addition, an electric 
stepper motor controller was available for turning off the motor in case of emergency. 
The configuration of the full scale brake dynamometer allowed the user to simulate drag 
braking events only, while the small scale brake version was capable of simulating both 
drag braking and constant g stopping events. An overview of the full scale brake 
dynamometer setup and configuration is shown in Figure 5.33. The rig main shaft was 
driven by a 45 kW DC motor, the speed of which was controlled by changing the input 
voltage through LabView code. The brake pressure was controlled by using the same 
linear actuator system operating on the master cylinder as the small scale brake 
dynamometer. In addition, the surface temperature of the disc and the temperature of the 
pads were recorded using the k-type thermocouples previously mentioned. During each 
test, all controlled and measurement parameters were recorded for use in the analysis of 
the results. In the full scale brake dynamometer, the brake torque was recorded using an 
inline torque meter. The same torque meter was used to measure the speed of the motor 
as it had a built-in speed encoder.  
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Figure 5.32: Experimental setup for small scale test rig.
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Figure 5.33: Experimental setup for full scale test rig. 
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In-house software similar to that developed for the small scale dynamometer was used 
in the full scale dynamometer with some modifications. The software developed for the 
small scale equipment was capable of performing two different tests, which were drag 
braking and constant g stop braking. In the modified software for the full size rig, drag 
braking events were the only braking events which could be performed. Also, in the full 
size rig there is no clutch unit to engage and disengage the main drive shaft. In the 
modified software the user needed to specify the rotational speed of the motor and the 
drag brake pressure. The rig was designed to accommodate different braking conditions 
in a safe environment. Safety procedures used in the small scale rig were adopted for the 
full scale rig to make sure that all the tests were conducted in a safe environment. 
5.4.2 Sensor calibration 
Sensors and actuators played a crucial role in operating the test rig. There were four 
types of sensor used in the test rigs; namely a load cell, pressure transducer, thermal 
camera, thermocouples and shaft encoder. In addition, there were two actuators used in 
the small scale rig: the linear actuator and pneumatic clutch. The same linear actuator 
was used for the full size rig to control the braking pressure. 
a. Brake torque 
The brake torque of the small scale brake dynamometer was recorded using a load cell 
system, as explained earlier. The load cell (REP transducer, type TC4) was used to 
estimate the brake torque by measuring the transmitted force through the caliper lever 
arm shown in Figure 5.21. The load cell was calibrated by applying known dead weight 
loads to the load cell over the low load region in compression only. For calibration over 
the higher load region the weight loads were applied using a manual mechanical press, 
manufactured in 1963 (Desnison Universal Testing machine), shown in Figure 5.34. In 
both cases, the load was applied and removed several times in order to check the 
consistency of the data. 
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Figure 5.34: Manual mechanical press arrangement for compression loads. 
The mechanical set-up for the load cell calibration is shown in Figure 5.34. The values 
of the output voltage were recorded using LabView code. Linear regression was used to 
find the linear relation between the applied load and the voltage output in compression, 
as shown in Figure 5.35. The linear regression equation was used in the LabView code 
to evaluate the braking force and then use this value to find the brake torque by 
multiplying the force by the distance to the centre of the disc brake. 
 
 
Mechanical press head 
Mechanical press base 
Load cell 
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Figure 5.35: Linear regression between output voltage and applied load for load 
cell calibration. 
In the case of the full scale brake dynamometer, the brake torque was recorded using an 
inline torque meter. The current torque meter is capable of measuring both the inline 
torque and speed of the motor. The torque and speed sensor was calibrated by the 
manufacturer. A detailed specification for the torque meter is given in Table 5.6. 
Table 5.6: Torque meter (TORQUEMASTER TM 213) 
Nominal torque Maximum ~ 500 Nm 
Rotational speed Minimum: 10 rpm  
 
Maximum: 10000 rpm 
Bearing lifetime 5000 hours 
Torsional stiffness 95800 Nm/rad 
Resistance 500 Ω 
Voltage 20 to 30 VDC 
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b. Brake pressure 
The inline brake pressure for both full and small scale brake dynamometers was 
recorded using a pressure transducer (RS TYPE 461) [122]. It was important to 
calibrate the pressure transducer for use in the full and small scale rigs in order to ensure 
reliable test results for the calculation of friction coefficient in particular. The 
calibration of any pressure transducer or pressure gauge is achieved by connecting it to 
a well know pressure source and recording the output voltage. A hydraulic dead weight 
tester (shown in Figure 5.36) was used to calibrate the pressure transducer by varying 
the dead weight applied to the hydraulic system.  
 
Figure 5.36: Hydraulic dead weight tester for calibrating the pressure transducer. 
The set-up of the pressure transducer calibration is shown in Figure 5.36; the output 
voltage was recorded using LabView code. According to the pressure transducer data 
sheet, the output voltage was 0 to 5 Volts. The pressure transducer range was between 0 
and 25 bar, this implies that for every 1 bar pressure the output voltage was 0.25 Volts. 
The calibration process was carried out using the hydraulic dead weight tester in order 
to ensure the measured data was reliable. The pressure was applied several times in 
upward and backward directions in order to check the consistency of the data. Linear 
Pressure transducer Hydraulic dead weight tester 
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regression was used to find the linear relation between the hydraulic pressure and the 
output voltage, as shown in Figure 5.37. The linear regression equation was used in the 
LabView code to evaluate the brake line pressure during the tests. Based on the pressure 
transducer data sheet the accuracy of the output voltage is ±0.25%. 
 
Figure 5.37: Linear regression between output voltage and hydraulic pressure for 
pressure transducer calibration. 
c. Calibration of thermocouples and thermal camera 
In the current research, K-type thermocouples were used to record the surface 
temperature of the disc brake rotor and the temperature inside the brake pad for both full 
and small scale brake dynamometers. The thermocouples were composed of two 
different metals which generate a small voltage when joined together, and in the current 
research they were calibrated using two different methods: using a series of fixed 
points; and comparison with reference thermocouples in stabilised baths. A water bath 
was used to generate the different fixed temperature points and a standard thermocouple 
was utilized as a reference. Linear regression was used to define the relation between 
the temperature and the output voltage, as shown in Figure 5.38. The linear regression 
equation was used in the LabView code to evaluate the temperature of the various 
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thermocouples in the small scale test rig. The accuracy of thermocouple output is 
±1.5
o
C based on the thermocouples data sheet. The high speed thermal camera was 
calibrated by the manufacturer using a calibration process called CNUC
TM
. This process 
provides stable measurement and beautiful imagery.  
 
Figure 5.38: Linear regression between output voltage and temperature for 
thermocouple calibration. 
d. Shaft encoder calibration for small scale rig 
The shaft encoder system was used in the current research to evaluate the speed of the 
small scale rig shaft. The rotational speed of the test rig was calculated based on the 
knowledge of the number of holes in the disc and the output signal of the senor; a detail 
description of the system was given in section 5.3.1.6. The shaft encoder was calibrated 
based on knowledge of the motor speed as the motor speed is a function of the input 
voltage, and by varying the input voltage the motor speed can be changed accordingly. 
The accuracy of the shaft encoder system depends on the number of holes around the 
encoder disc. In the current setup, an average speed was calculated in order to determine 
a more precise value of the rotational speed. The DC motor was calibrated by the 
manufacturer, so the calibration of the encoder was carried out based on the motor 
calibration. In addition, a tachometer was used to validate the accuracy of the shaft 
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encoder. It was found that the error in measuring rotational speed of the test rig was ± 
20 rpm; this error was due to the efficiency of the motor and the number of holes in the 
encoder disc. 
e. Linear actuator calibration 
The linear actuator used in the current study to control the hydraulic pressure of the 
brake was calibrated by the manufacturer. Different approaches were investigated to 
control the hydraulic pressure. It was found that using a look-up table approach with 
closed loop feedback was the best method. The look-up table approach reduces both the 
overshoot in the system and the time needed to reach the desired pressure. The main 
problems with the other types of control were the overshoot and the pressure oscillation 
around the desired value. In order to apply the look-up table approach, the input voltage 
of the linear actuator needed to be evaluated against the hydraulic pressure to find the 
relation between the voltage and the pressure. The calibrated pressure transducer was 
used to find the pressure at different actuator input voltage. Polynomial (4
th
 order) 
regression was used to evaluate the relation between the brake hydraulic pressure and 
the input voltage, Figure 5.39, for use in the control algorithm.  
 
Figure 5.39: Polynomial regression between actuator input voltage and brake line 
pressure for linear actuator. 
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5.4.3 Test rig commissioning 
The small scale brake dynamometer was commissioned and validated with a series of 
tests in order to make sure that the rig was working as desired without any issues. Many 
parameters were monitored during the commissioning, such as: the vibration noise, the 
alignment, data recording and rig general performance. It was noticed that the surface 
temperature of the two bearings increased, especially that of the bearing close to the 
flywheel. Bearing temperatures were monitored using thermocouples, Figure 5.40, and 
it was found that they reached a steady state after some time, at an acceptable value. 
Figure 5.41 shows the surface temperature of the bearings without applying any braking 
conditions. 
Another issue observed during the commissioning process was a delay in the recording 
of braking force by the load cell. This has an impact on the evaluation of the coefficient 
of friction. Further investigation was carried out to address the load cell reading 
problem and to provide a possible solution. It was found that the load cell amplifier has 
a built in filter which delayed recording of the signal by the LabView code. In order to 
overcome this, two possible solutions were suggested as follows: design another 
amplifier without the filter, or connect the load cell directly to the Ni-DAQ card. The 
second approach was chosen, and although the output signal was small and noisy, it was 
possible to resolve this issue during the data analysis. A simple test was carried out in 
order to evaluate the load cell response with and without the filter using the suggested 
approach. It showed that this method improved the response speed of the load cell 
signal by about 0.5 s. 
All the major and minor issues in the small scale test rig were resolved and the 
parameters tuned to make sure that the recorded data were reliable and comparable. The 
test rig was then used to replicate different braking conditions to make sure it 
functioned as desired.  
A summary of the commissioning test output parameter which includes the surface 
temperature of the disc, the temperature inside the pad, the speed of the motor, the 
coefficient of friction, the brake pressure, and the brake torque are shown in Appendix 
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B. The results show that the test rig could evaluate different braking conditions and the 
data were recorded at a sufficient rate to make sure that the output results were reliable. 
All the issues specified earlier were resolved as shown in the commissioning results. 
The full scale brake dynamometer was commissioned using the same procedures 
followed for the small scale dynamometer. The output data from the full scale version 
shows stable results as shown in Appendix B. 
 
Figure 5.40: Position of the thermocouples on the bearings. 
 
Figure 5.41: Bearing surface temperature without braking condition at 1500 rpm. 
UCP209 
UCP208 
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5.5 Requisition of test samples 
In this research the main aim is to investigate the use of a lightweight disc brake instead 
of the conventional cast iron disc brake. It was found from the literature that the best 
candidates to use in this brake application would be aluminium metal matrix composite 
(Al-MMC) and aluminium alloy because of their properties which were previously 
mentioned in the literature review Chapter. In this research, aluminium metal matrix 
composite (AMC640XA) and aluminium alloy (6082) were used for the small scale disc 
brake in order to investigate the possibility of using such materials in the automotive 
industry. In addition, PEO coating was applied to both Al-MMC and Al-Alloy discs to 
improve the wear and corrosion resistance. The coating also provides a low thermal 
conductivity which acts as a thermal barrier for the substrate material. 
Five small scale solid brake rotors were investigated: grey cast iron, forged aluminium 
alloy (6082), the same 6082 alloy but with an alumina surface layer applied by plasma 
electrolytic oxidation (PEO), cast aluminium MMC (AMC640XA), and the same MMC 
again with a PEO alumina surface layer. Figure 5.42 shows the CAD representation of 
the small scale discs. 
 
Figure 5.42: CAD representation of the reduced scale disc brake. 
The brake pads were provided by TMDfriction Company and the material was designed 
specifically for use against aluminium discs with ceramic surfaces. It was an organic 
based friction material containing a low amount of metallic compounds (LowMet). 
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5.6 Summary 
In this Chapter the scaling methodologies, based on constant energy density, are 
explained in detail. The selection of a vehicle for experimental investigation of the 
scaling methodology and thermal performance of lightweight disc brake rotors is 
described. The way in which the scaling methodology was used to design and develop 
the small scale brake dynamometer is explained‟. The general layout and design process 
of the small scale brake dynamometer is presented in detail. The development of the 
data acquisition facilities of the small scale test rig, based on LabView software, is 
described. The way in which an existing full scale brake dynamometer was modified in 
order to utilize the high torque motor and drive the disc brake rotor temperature to the 
extreme is set out. The layout of the full scale brake dynamometer is presented in detail. 
A general comparison between the developed small scale brake dynamometer and the 
full scale brake dynamometer is made. The small scale and full scale brake 
dynamometers were calibrated and commissioned in order to make sure that the output 
data was reliable. During commissioning, many limitations and difficulties were 
identified and addressed in order to achieve the desired aim. Finally, the identification 
and sourcing of test samples for use in the experimental and numerical analyses is 
presented‟. 
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CHAPTER 6:  
THERMAL ANALYSIS USING FINITE 
ELEMENT MODELS 
6.1 Introduction 
The thermal analysis of solid disc brakes was investigated using the method of Finite 
Element analysis. Two different models were developed and investigated in this 
Chapter; the first is a two dimensional (2D) axisymmetric transient heat transfer model 
and the second is a three dimensional (3D) coupled temperature model. The 2D model 
was used to provide confidence that the correct conditions can be established in the 3D 
FE simulation. It also provides an opportunity to use Abaqus implicit FEA software. 
Furthermore, a 3D coupled temperature FE model that replicates the small scale test rig 
was created. The 3D model takes into account the thermal boundary conditions as well 
as the contact interface definition used in the small scale rig. Comparisons between the 
three different models (1D (developed in Chapter 4), 2D and 3D) are presented in detail 
in order to choose the model that best reproduces the thermal performance of a solid 
disc brake rotor. The nominated model will be validated against the experimental results 
and to carry forward the investigation of the thermal performance of lightweight disc 
brake rotors. Figure 6.1 shows the overall methodology used in this Chapter to choose 
the preferred model.  
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Figure 6.1: Finite element model selection. 
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1D (Chapter 4) 
 
 
2D (Chapter 6, 6.2) 
 
 
3D (Chapter 6, 6.3) 
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6.2 Two dimensional axisymmetric transient thermal model for small scale 
discs 
In this section a 2D axisymmetric transient model is described in detail using the small 
scale disc brake rotor as an example. The model setup, boundary conditions, mesh 
sensitivity and simulation steps are all presented. The small scale disc brake geometry 
and boundary conditions used in this model are given in Chapter 5. The disc brake 
material are used in this analysis is grey cast iron, the properties of which are presented 
in Chapter 4.  
6.2.1 Model setup and boundary conditions 
In the 2D axisymmetric model the heat flux was applied directly to the surface of the 
pad as shown in Figure 6.2, where the top (smaller) block represents the pad and has 
dimensions 5×16 mm, and the disc is represented by the bottom (larger) block with 
dimensions 7×52.5 mm. Symmetry conditions were specified so that only one pad and 
half the disc needed to be included in the model. 
 
Figure 6.2: 2D axisymmetric thermal model setup and conditions. 
Uniform heat flux at the rubbing surface was applied in the 2D model. Convective heat 
transfer was considered in the 2D model as shown in Figure 6.2. DC2D four node linear 
heat transfer quadrilateral element were selected from the Abaqus library [112]. The 
contact interface interaction between the disc and pad was defined as a surface to 
Axis of rotation of disc 
Line of symmetry 
Heat flux 
Highlighted edges have convection cooling 
Pad 
Disc 
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surface contact. Abaqus software defines the thermal conductance between the surfaces 
as a function of the gap and the clearance value for zero thermal conductance must be 
specified [112]. In this model it was assumed that there is no gap between the surfaces 
and both the pad and disc are always in full contact which means that the very high 
thermal conductance used in this analysis was applicable for zero clearance (no gap) 
between the surfaces (1×10
15
 W/m
2
K). 
6.2.2 Mesh sensitivity analysis 
A mesh sensitivity analysis was carried out using a constant heat flux in order to find 
the minimum number of elements in the 2D model. A heat flux of 5×10
5
 W/m
2
 over the 
pad/disc interface was used to investigate mesh sensitivity. An average convective heat 
transfer coefficient of 30 KmW 2/  was applied to all free surfaces of the model and the 
component initial temperature was set to 20 Co . The simulation time for the analysis 
was 10 s and the incremental time step for all 2D models was set to 0.01 s. The 
maximum temperature at mean rubbing radius was monitored for different element sizes 
and the results are shown in Table 6.1.  
The results show that the global element size has a small effect on the temperature 
distribution, especially below 0.5 mm. On the other hand, there is a trade-off between 
the number of elements (element size) and the simulation time, an element size of 0.5 
mm was chosen for all the subsequent 2D axisymmetric simulations. Although a smaller 
element size would slightly more accurate results, it would take much longer to 
complete the analysis. 
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Table 6.1: 2D axisymmetric model mesh sensitivity analysis. 
Global 
Element 
size 
[mm] 
Maximum 
Temperature 
at mean 
rubbing 
radius [
o
C] 
Temperature distribution at the end of the 
simulation [
o
C] 
No. of 
Elements 
(CPU time) 
3 132.6 
 
56 
(27.4 s) 
1.5 134.4 
 
255 
(42.8 s) 
1 134.9 
 
531 
(63 s) 
0.5 135.2 
 
2103 
(178.3 s) 
0.1 135.3 
 
51911 
(3725.4 s) 
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6.3 Three dimensional coupled temperature model for small scale discs 
In this section, a 3D coupled temperature model that replicates the small scale test rig is 
investigated in detail. The model setup, boundary conditions and simulation steps are all 
presented. The small scale disc brake geometry and boundary conditions used in this 
model are obtained from Chapter 5. The disc brake material used in this analysis is grey 
cast iron, the properties of which are presented in Chapter 4.  
6.3.1 Model setup 
The 3D FE model was setup to replicate a drag brake application. This model is a 
coupled temperature model which considers only the heat transfer between the pad and 
disc. In this model the pad was kept stationary in space whilst the disc was allowed to 
rotate. The FE model was composed of a disc and pad, as shown in Figure 6.3. Due to 
symmetry, only one pad and half the disc thickness were included in the model. To 
avoid complexity, the caliper and back plate were not considered in this model. 
In order to replicate the experimental conditions, forced cooling was applied to the free 
surfaces as shown in Figure 6.4. The disc was treated adiabatic so no heat transfer was 
allowed. The surrounding air temperature was assumed constant at 20
o
C based on the 
lab ambient temperature. The convective cooling coefficient on the disc rubbing surface 
was calculated in accordance with empirical equations 4.3, which were based on the 
rotor dimension, air properties and rotating speed of rotor [103]. 
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Figure 6.3: 3D FE model assembly. 
 
Figure 6.4: Thermal boundary conditions. 
 
Pad 
Disc 
Disc front (cooling) 
Disc back (adiabatic) 
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In the 3D FE model there are two steps, the initial step and the braking step. The initial 
step is when the pad is pressed against the disc and the braking step is when the disc 
rotates. The disc inner radius was coupled with a reference point in order to apply the 
boundary conditions to the solid disc. The rotational and translational boundary 
conditions involved in replicating a drag brake application were as follows;  
i. Initial step 
In this step the pad is pressed against the disc, ensuring that there is full contact between 
the two. This step activates the heat transfer between the pad and disc. In order to 
simulate this step all the displacement boundary conditions were constrained for both 
the disc and pad, except the Z direction displacement for the pad which was 
unconstrained as indicated in Figure 6.5.  
 
Figure 6.5: Disc and pad boundary condition before braking. 
Direction Pad Constrained Disc Constrained 
U1 (X) Yes Yes 
U2 (Y) Yes Yes 
U3 (Z) No Yes 
UR1 Yes Yes 
UR2 Yes Yes 
UR3 Yes Yes 
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ii. Braking step 
As explained above, in this step the disc rotates against the pad in order to simulate drag 
braking. The translational and rotational boundary conditions for the disc and pad were 
constrained in all directions except UR3 (rotation around z) for the disc, as indicated in 
Figure 6.6. In this step the disc will rotate against the pad and the heat will transfer 
between the disc and pad depending on the thermal resistance between the elements. 
The overall view of the 3D model steps is shown in Figure 6.7 
 
Figure 6.6: Disc and pad boundary conditions during braking. 
Direction Pad Constrained Disc Constrained 
U1 (X) Yes Yes 
U2 (Y) Yes Yes 
U3 (Z) Yes Yes 
UR1 Yes Yes 
UR2 Yes Yes 
UR3 Yes No 
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Figure 6.7: 3D model steps overview. 
6.3.2 Mesh sensitivity analysis 
A constant heat flux was used to find the minimum number of elements in the coupled 
3D model which would provide a stable temperature. A heat flux of 2/5105 mW  was 
applied to the surface of the pad. An average convective heat transfer coefficient of 
30 KmW
2/  was considered and applied at the surface and circumference of the disc as 
for the 2D model, and the model initial temperature was set to 20 Co . In this analysis the 
disc was rotated at a constant speed of 6 revolutions per second (drag brake, vehicle 
speed 20 km/h). The simulation time for the mesh sensitivity analysis was 10 s. The 
maximum temperature at the mean rubbing radius was monitored for different element 
sizes and the results are shown in Table 6.2. 
Displacement analysis 
Pad pressed against disc 
Coupled displacement-temperature analysis 
Disc rotate and pad fixed (heat flux applied on the 
surface of the pad) 
Step 1 
Step 2 
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Table 6.2: Coupled 3D model mesh sensitivity analysis. 
Global 
Element 
size 
[mm] 
Maximum 
Temperature 
at mean 
rubbing 
radius [
o
C] 
Temperature distribution at the end of the 
simulation [
o
C] No. of 
Element 
(CPU time s) 
4 35.13 
 
8651 
(129654 s) 
3 35.13 
 
9315 
(132506 s) 
2 35.91 
 
22449 
(297682 s) 
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The results show that the element size has only a small effect on the temperature 
distribution. On the other hand, there is a trade-off between the number of elements 
(element size) and the simulation time. Although a smaller element size will give better 
results, it will take longer to simulate. In order to compare the 2D axisymmetric model 
and the 3D model, a 2 mm element size was chosen for the 3D model to provide 
accurate estimation of surface temperatures. 
6.4 Comparison between the finite element models 
In the current research, three different models were developed, namely the 1D thermal 
model (Chapter 4), the 2D axisymmetric thermal model, and the 3D coupled 
temperature model. These were investigated in detail and the temperature distributions 
through the disc for each model were examined. It was noticed that there was a trade-off 
between the CPU running time and the element size for each model, and also between 
the CPU time and the model complexity. One of the objectives of the current research is 
to validate the numerical results by comparison with the experimental results with a 
view to using thermal modelling to investigate different braking scenario which are hard 
to implement in the lab. In this section the thermal performance of the different models 
(1D, 2D and 3D) is investigated in order to identify the one which achieves the closest 
fit to experiment.  This will then be used to further investigate the alternative 
lightweight brake disc rotors. 
A constant heat flux (drag brake) was used to investigate the thermal performance of 
different disc brake models. In the current analysis the disc brake material is grey cast 
iron, the properties of which are presented in Chapter 4, the vehicle speed is 40 km/h 
and the brake torque is 80 Nm. An average heat transfer convection coefficient of 
30 KmW 2/  was considered and applied to the surface and circumference of the disc, 
as shown earlier, and the component initial temperature was set to 20 Co . The 
simulation time for the current analysis was 4 s and the time step 0.001 s. The disc 
maximum surface temperature at the mean rubbing radius predicted for the three 
different models are shown in Figure 6.8.  
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Figure 6.8: Surface temperature at mean rubbing radius for different disc brake 
models. 
It can be seen that the three responses have the same trends but different magnitudes; 
the mean temperatures for the 2D and 3D models are very close. On the other hand, the 
mean temperature rise for the 1D model is higher than for the 2D and 3D models. The 
temperature trend was expected because in the 1D model the thermal mass is lower than 
that in the 2D and 3D models. In addition, the CPU time was monitored for the three 
models, as shown in Table 6.3 . It was found that there is a huge difference between the 
1D, 2D and 3D models with respect to the CPU time. Although there is only a small 
difference in the temperature magnitude between the 2D and 3D models, there is a big 
difference in the computational time. The 2D axisymmetric model was therefore chosen 
for further use with the experimental validation and the lightweight disc brake analysis. 
Table 6.3: CPU time for different thermal models. 
Model 1D 2D 3D 
CPU Time 
(hh:mm:ss) 
00:30:20 02:52:33 65:21:05 
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6.5 Two dimensional axisymmetric model for full scale disc 
Based on the above competitive study, a two dimensional axisymmetric transient heat 
transfer model for the full scale disc brake was developed in Abaqus in order to validate 
the scaling methodology experimentally and numerically. The disc brake geometry and 
dimensions are presented in Chapter 5. The same boundary conditions and techniques 
used in section 6.2 were applied in this model except that the heat flux was directly 
applied to both rubbing surfaces of the disc since symmetry conditions no longer can be 
applied due to the “top-hat” structure of the full size disc. Figure 6.9 shows the model 
setup and conditions. 
 
Figure 6.9: 2D axisymmetric thermal model setup and conditions for full scale disc. 
In addition, the mesh sensitivity analysis was carried out for the current model and it 
was found that an element size of 1 mm gave very good results. Also the computational 
time was within the desired limits. This model will be used in the next Chapter to 
validate the experimental results and also to carry out a numerical comparison between 
the full and small scale disc brakes. 
Heat flux 
Highlighted edges have  
convection cooling 
Centre of rotation 
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6.6 Two dimensional axisymmetric model for a small scale disc with coating 
The two dimensional model developed in section 6.2 is valid for a small scale disc 
without coating. In the current research, a coated lightweight disc brake is investigated, 
and a finite element thermal model was developed for the coated small scale disc based 
on the 2D axisymmetric model described in section 6.2. The heat flux was applied 
directly to the rubbing surface of the coated disc based on the estimated heat partition 
ratio. The 2D model setup and boundary conditions are shown in Figure 6.10. The 
coating thickness and material properties were as given in Chapters 4 and 5. 
 
Figure 6.10: 2D axisymmetric thermal model setup and conditions for a coated 
small scale disc. 
A mesh sensitivity analysis was carried out and it was found that in order to achieve 
good temperature distribution a very fine mesh is required. The element size in the 
current model is 50 µm which is equal to the coating thickness.  
6.7 Summary 
The 2D and 3D finite element models developed for the small and full scale discs have 
been presented in this Chapter. The model boundary conditions and setup were 
explained in detail; also a mesh sensitivity analysis for each model was carried out in 
order to simulate the thermal performance of the disc brake. The surface temperatures 
Centre of rotation 
Line of symmetry 
Heat flux 
Highlighted edges have convection cooling 
Disc 
Disc 
Coating 
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predicted by three different disc brake models (1D, 2D and 3D) were investigated. It 
was found that the computational time for the 3D model is much higher than that of the 
1D and 2D models. Furthermore, the average surface temperature of the 2D model is 
very close to the surface temperature of the 3D model which makes the 2D 
axisymmetric model the best candidate for further numerical analysis of the small and 
full scale disc brakes. A 2D axisymmetric model for the full scale disc was then 
developed to validate the scaling methodology numerically. Finally, a 2D axisymmetric 
model for the coated lightweight disc brake was developed based on the coating layer 
study reported in Chapter 4. 
 CHAPTER 7:                            
EXPERIMENTAL AND NUMERICAL 
RESULTS 
7.1 Introduction 
In this Chapter, the experimental and numerical analysis used to validate the scaling 
methodology and to evaluate the thermal performance of the different solid disc brake 
rotors, is explained. The experimental test matrix which was utilized in this Chapter was 
developed based on the SAE J2521 and SAE J212 standards. Two test rigs were used in 
the current research. The first was a small scale dynamometer and the second a full 
scale dynamometer. The two rigs were used for the thermal performance evaluation and 
the scaling methodology validation. The main purposes of the testing are to investigate 
the coated and uncoated solid disc brake rotors in terms of surface temperature 
distribution and also to validate the numerical models with the experimental results in 
order to investigate the temperature distribution of the solid disc brake rotor using the 
FEM.  
A general overview of the present Chapter is given in Figure 7.1. The first section 
includes the main objective of the current Chapter, which was to use the brake 
dynamometers and the developed test matrix to investigate the thermal performance of 
lightweight disc brake rotors. The second objective was to validate the scaling 
methodology proposed in Chapter 5. The main objectives are satisfied by using the 
University of Leeds test rigs, including set-up, calibration and commissioning. The 
experimental results for the various applications were obtained and used to validate the 
numerical model developed in Chapter 6. Numerical analysis of the scaling 
methodology issues is explained in detail in the numerical analysis sections. 
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Figure 7.1: Overview of experimental work using brake dynamometer. 
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7.2 Test matrix development  
In order to evaluate the thermal performance of lightweight disc brake rotors, an 
appropriate test matrix should be developed. In the current research, the test matrix 
shown in Table 7.1 was derived from the Society of Automotive Engineering (SAE) 
standards. It is based on SAE J2521 and SAE J212 [124, 125], although there is a big 
difference between the number of stops in the current test matrix and the SAE standards 
for the following reasons: 
 The main aim of this research is to assess the brake rotor material not the friction 
pair. 
 The initial temperature for most of the tests was 100oC, and this was achieved by 
applying hundreds of braking pulses in order to reach the desired start 
temperature. 
 The coefficient of friction was monitored for all the tests and showed good 
consistency which gave the researchers confidence that this test matrix was 
appropriate even though the number of stops was far lower than in SAE J212. 
 
 
 
 
 
 
 
 
 
 
Chapter 7: Experimental and numerical results   184 
__________________________________________________________________________________________________________ 
 
 
Table 7.1: Test matrix for all brake rotors. 
No. Test Name 
No. 
Stops 
Simulation 
time for 
each stop 
Rotational 
speed 
(rpm) 
Brake 
pressure 
(bar) 
Initial 
Temp. 
o
C 
Rig used 
1 No - pressure -- -- 900 -- 20 Small 
Scale rig 
2 Pre-burnish 
check 
10 Braking 
time 
900 2.5 20 Small 
Scale rig 
3 
First (pre-
burnish) 
effectiveness 
check 
5 Braking 
time 
900 &1500 1.2 100 Small 
Scale rig 
5 Braking 
time 
900 &1500 2.5 100 Small 
Scale rig 
5 Braking 
time 
900 &1500 3.8 100 Small 
Scale rig 
5 Braking 
time 
900 &1500 5 100 Small 
Scale rig 
5 Braking 
time 
900 &1500 6.1 100 Small 
Scale rig 
5 Braking 
time 
900 &1500 7.3 100 Small 
Scale rig 
4 Burnish 25 Braking 
time 
1300 3 100 Small 
Scale rig 
5 High speed 
stop test 
10 Braking 
time 
1850 6.4 100 Small 
Scale rig 
6 Drag brake 
(low) 
-- 1 hour 900 Variable  Room 
temp 
Small 
Scale rig 
7 Drag brake 
(moderate) 
-- 1 hour 1500 Variable  Room 
temp 
Small 
Scale rig 
8 Drag brake 
(high) 
-- 1 hour 1850 Variable  Room 
temp 
Small 
Scale rig 
9 Drag brake 
(high) 
-- Variable 620 Constant 
up to 3 
Room 
temp 
Full scale 
rig 
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7.3 Experimental and numerical results 
In this section the experimental and numerical results for different small scale disc 
brake materials are presented and analysed in detail in order to characterise the thermal 
performance of the trial lightweight discs. In addition, the full scale Fiat Punto disc was 
investigated numerically and experimentally in order to validate the developed scaling 
methodology. The coefficient of friction for the different discs was monitored and 
evaluated during the braking tests for the full and small scale disc brake rotors. The 
experimental results for full and small scale disc brake rotors were validated using the 
2D axisymmetric model from Chapter 6. 
7.3.1 Characteristics of thermal results for small scale discs 
The small and full scale brake dynamometers were used to complete the test matrix 
shown in Table 7.1 for the five small scale brake rotors. The results showed that the 
aluminium alloy (6082 –T6) disc could not withstand the braking conditions specified 
in Table 7.1 and scratches started to appear on the rubbing surface at relatively low 
temperatures (around 200
o
C), as shown in Figure 7.2. This is because, during a friction 
process, there are many small asperities that create localised areas of high pressure, and 
at these microscopically small locations the temperature becomes very high. This 
temperature can exceed the melting point of the Al-alloy, which means that the disc will 
melt at these spots thereby creating a rough disc surface. These peaks on the rough disc 
surface can then lead to further localised melting of the disc material which eventually 
results in complete disruption of the disc surface. 
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Figure 7.2: Uncoated aluminium alloy rotor after test showing degraded rubbing 
surface. 
The uncoated aluminium MMC disc showed more resilience than the uncoated 
aluminium wrought alloy. However, scratches did start to appear on the rubbing surface 
albeit at a higher temperature (around 300-350
0
C) than for the aluminium alloy. The 
detailed temperature responses for the plain Al-MMC disc are shown in Figure 7.3. The 
friction performance of the Al-MMC disc is discussed in the next section. 
The coated Al-alloy and the coated Al-MMC showed better thermal performance than 
the uncoated discs and lasted throughout the test matrix without any signs of surface 
disruption. The detailed temperature responses for the coated Al-MMC disc and coated 
Al-alloy disc are shown in Figure 7.4 and Figure 7.5 respectively, together with images 
of the rotor before and after testing where no damage can be seen. In addition, as a 
benchmark, the temperature responses of the grey cast iron are shown in Figure 7.6. 
The coated wrought aluminium alloy disc brake rotor was further investigated using the 
high speed thermal imaging system in order to assess the thermal performance across 
the rotor surface as shown in Figure 7.7 for test 7. The thermal images show a similar 
surface temperature to the sliding thermocouples with emissivity equal to 0.95 which 
builds confidence in the thermocouple readings. The rubbing surface shows a uniform 
temperature distribution across the radial direction which demonstrates that the brake 
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pad was fully bedded in against the rubbing surface of the disc brake rotor. This gives 
confidence in the use of the proposed test matrix in the current study. 
 
Figure 7.3: Temperature responses of the aluminium MMC disc. 
 
Before 
After 
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Figure 7.4:  Temperature responses of the coated aluminium MMC disc. 
Before 
After 
Before 
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Figure 7.5: Temperature responses of the coated aluminium alloy disc. 
 
After 
Before 
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Figure 7.6: Temperature responses of the GCI disc. 
Before 
After 
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Figure 7.7: Temperature response of the coated aluminium alloy disc, Test 7. 
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The high speed thermal imaging system was used to compare the surface temperature 
obtained from the sliding thermocouples for a constant g stop. Figure 7.8 shows the 
surface temperature of the coated wrought aluminium alloy rotor using both sliding 
thermocouple and high speed imaging system (with emissivity = 0.95) for test 5 
(constant g stop) . The results showed that there is a difference in the maximum surface 
temperature between the sliding thermocouples and the high speed thermal imaging 
system; the latter is in the order of 20
o
C than the thermocouple readings. This shows 
that the response of the sliding thermocouples is slower than that of the imaging system. 
Furthermore, the same comparison was carried out for a drag braking event as shown in 
Figure 7.9, which represents the surface temperature of the grey cast iron rotor test 9. 
The results show that the temperature obtained from the sliding thermocouple in the 
drag braking event is very similar to that measured by the high speed imaging system. 
This is because the drag braking event does not need a fast response measuring system 
as the temperature change is much slower than for the constant g stop event. 
 
Figure 7.8: Comparison between the sliding thermocouples and high speed thermal 
imaging system for coated wrought aluminium rotor (test 5). 
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Figure 7.9: Comparison between the sliding thermocouples and high speed thermal 
imaging system for grey cast iron rotor (test 9). 
The disc and pad temperatures measured by the thermocouples for the different 
lightweight small scale brake rotors are compared against the conventional grey cast 
iron disc in Figure 7.10 for test 9 as defined in Table 7.1. The results show that the grey 
cast iron disc has the lowest surface temperature, whilst the coated Al-alloy has the 
highest surface temperature for the same braking conditions. In fact it was found that 
the coated discs always had a higher surface temperature than the corresponding 
uncoated discs which was as expected due to the thermal barrier effect of the coating. 
Although the coated Al-alloy always had a higher surface temperature than the coated 
Al-MMC, the friction performance of the coated Al-alloy was much better as discussed 
in the next section and in Chapter 8. The temperature responses of the brake pads were 
in the same relative order as the disc surface temperatures with the coated Al rotor 
achieving the highest temperature at the end of the test.   
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Figure 7.10: Temperature response of different disc brake materials. 
The thermal performance of the small scale disc brake rotors manufactured from 
different materials and both with and without a thin alumina coating was investigated 
using an axisymmetric transient heat transfer model developed in Abaqus\standard 
(explained in Chapter 6). The boundary condition and model setup are shown in Figure 
6.9. The rotors were meshed using 4-node linear axisymmetric heat transfer 
quadrilateral elements (DC2D4). A mesh sensitivity analysis was carried out in order to 
choose the optimum element size, as explained in Chapter 6. The heat flux was applied 
to the rubbing surface using a Matlab Mscript. 
The experimentally obtained data was used to validate the 2D axisymmetric FE model. 
The heat flux was calculated based on the most extreme braking conditions (drag 
braking at a vehicle speed of 35 km/h for a vehicle with an average brake torque of 35 
Nm, test 9) and applied in the Abaqus model. Two FE models were used; the first 
without coating and the second with a 30 µm alumina coating. The heat flux was 
calculated based on the experimental data using equation (7.1): 
 .Q  (7.1) 
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where  is the measured braking torque and  is the rig rotational speed (assumed 
constant). However, only a certain proportion of this heat flux is transferred into the 
disc, the remainder being transferred to the pad friction material. The proportion of heat 
transferred to the disc (the partition ratio) can theoretically be calculated from the 
respective thermal properties of the disc and pad materials using equation (7.2): 
ddd
ppp
kc
kc





1
1
1  
(7.2) 
From the published properties of the grey cast iron discs and estimated property of the 
pad materials, Equation (7.2) predicts 87.0  . However this equation takes no 
account of the transfer layer that can form on both rubbing surfaces and in practice a 
higher proportion of heat is often found to flow to the disc than suggested by equation 
(7.2). In the present case good agreement was found between the measured and 
predicted surface temperatures for a partition ratio of 95% which is similar to the value 
typically used by other researchers [13, 126]. Similar analysis was carried out for the 
coated Al-MMC disc to evaluate the partition ratio. It was found that partition ration of 
90% give a very good agreement with the experimental results. 
Figure 7.11 shows that the numerical and experimental disc surface temperatures for 
grey cast iron are in very good agreement. The numerical and experimental surface 
temperatures for the coated Al-MMC small scale disc are shown in Figure 7.12, and 
again the numerical results show good agreement with the experimental data. 
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Figure 7.11: Numerical and experimental temperature response for the GCI disc. 
 
Figure 7.12: Numerical and experimental temperature response for the coated Al-
MMC disc. 
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7.3.2 Full scale disc 
The full scale Fiat Punto disc was used to validate the scaling methodology proposed in 
chapter 5, and the full scale brake dynamometer was used to evaluate the surface 
temperature of the disc while monitoring the brake torque. A detailed description of the 
disc brake geometry and the location of the sliding thermocouple is given in Chapter 5. 
As explained above, the full scale brake dynamometer is capable of performing drag 
braking only. Braking conditions and parameters from the scaling methodology shown 
in Chapter 5 (Table 5.4) were utilised. Figure 7.13 shows the temperature response for 
one of the tests (test 9) which were used to validate the scaling methodology. 
The coefficient of friction for the full scale Fiat Punto disc was monitored during the 
test, Figure 7.14, and the average coefficient of friction was 0.37. As shown in Figure 
7.14, the coefficient of friction for the full scale disc was stable during the test but as the 
surface temperature of the disc increased the coefficient of friction started to decrease, 
as expected.  
In order to evaluate the friction performance of the Fiat Punto disc, the coefficient of 
friction was monitored at a higher temperature to investigate the fade behaviour of the 
disc, as shown in Figure 7.15, with the same braking conditions. According to Figure 
7.15, the coefficient of friction starts to drop after the surface temperature reaches 
300
o
C; this behaviour is called brake fade. The brake system used in the full scale brake 
test is a commercial system, so defining the fade behaviour will be very important in 
order to evaluate the thermal performance of the coated disc and compare the results 
with the current findings. 
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Figure 7.13: Measured disc surface temperature for the full scale disc brake rotor. 
 
Figure 7.14: Coefficient of friction for the full scale Fiat Punto disc. 
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Figure 7.15: Temperature and COF response of the full scale disc brake. 
7.3.3 Coefficient of friction  
The coefficient of friction was calculated during a brake test according to the following 
equation [127]: 
dpiston rAP 

2

  (7.3) 
where pistonA  is the area of the piston, P is brake line pressure, dr  is the mean rubbing 
radius, and  is the braking torque. As explained above, the braking torque  is obtained 
experimentally from the torque transducer for the full scale dynamometer and from the 
load cell for the small scale brake dynamometer. 
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The coefficient of friction for the various small scale disc brake rotors was monitored 
and calculated during the tests in order to evaluate their friction performance. The 
average coefficients of friction at temperature below 200
o
C are shown in Figure 7.16. 
According to the figures, the grey cast iron disc had the highest coefficient of friction 
compared to the others, and the coated disc brake rotors had a similar coefficient of 
friction while the plain Al-MMC disc had the lowest of all and at a level of about 0.2 
which is not acceptable for a modern disc brake, However the friction material had not 
been optimised for the exposed MMC surface. The error bars in Figure 7.16 represent 
the standard deviation of the COF for various disc brake materials during the tests, 
which measures the amount of variation of the COF value during the test based on the 
average value. The standard deviation was calculated for one test with the surface 
temperature below 200
o
C. 
 
Figure 7.16: Average coefficient of friction for the small scale disc brake rotor. 
Both coated discs had a similar low temperature coefficient of friction which was not 
much less than that of the cast iron rotor. However the friction performance of the 
coated wrought aluminium alloy was much better than that of the coated aluminium 
metal matrix composite at a higher surface temperature as shown in Figure 7.17 and 
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Figure 7.18. There results show that the friction performance of coated aluminium alloy 
is much better and more stable than that of the coated Al-MMC at temperature above 
250
o
C. 
 
Figure 7.17: Temperature and COF response of the coated Al-alloy disc brake (test 
9). 
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Figure 7.18: Temperature and COF response of the coated Al-MMC disc brake 
(test 9). 
7.3.4 Observation of the coating layer during the test 
The coated aluminium discs were observed and monitored during the test to identify any 
changes on the rubbing surface which included identifying the transfer layer. The 
surface appearance of the coated disc was light grey before the test, as shown in Figure 
7.19. After several tests, a transfer layer had formed on the rubbing surface of the coated 
disc, as shown in Figure 7.20. The chemical composition and thickness of this layer are 
described in Chapter 8. 
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Figure 7.19: Surface appearance of the coated Al-alloy before the tests. 
 
Figure 7.20: Surface appearance of the coated aluminium alloy after testing 
showing a dark transfer layer. 
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7.4 Scaling methodology validation 
Two different braking conditions were used to validate the scaling methodology; both 
conditions simulate drag braking at a vehicle speed of 40 km/h. Condition 1 simulates 
drag braking for a vehicle with an average brake torque of 35 Nm for the full scale disc 
and an equivalent average of 7 Nm for the small scale disc which was calculated using 
equation (5.17). The surface temperature for both full scale and small scale discs was 
monitored at the mean rubbing radius and the results are shown in Figure 7.21. The 
surface temperature of the small scale disc showed good agreement with the surface 
temperature of the full scale disc with only a small difference of the order of 10
o
C. 
There are factors not accounted for in the scaling methodology that might have an effect 
on the temperature of both small and full sized discs. For example, the convective 
cooling rate may be different in each case because of the different disc dimension and 
rotational speed; also there may be an effect due to the different pad aspect ratios.   
The second condition simulates drag braking for a vehicle at an average brake torque of 
125 Nm for the full scale disc and an average of 24 Nm for the small scale disc with 
similar vehicle speed as condition 1. The surface temperature for both full scale and 
small scale discs was monitored at the mean rubbing radius and the results are shown in 
Figure 7.22. It was found that the surface temperature of the small scale disc was in 
good agreement with the surface temperature of the full scale disc with only a small 
difference, throughout the duration of the braking event. 
The axisymmetric finite element models were used to investigate the scaling 
methodology and the thermal performance of the small and full scale solid discs. A two 
dimensional axisymmetric transient heat transfer model for both small scale and full 
scale discs was produced in Abaqus\standard, as explained in chapter 6. The model 
setup and boundary conditions for small scale solid discs and full scale discs are shown 
in Figure 7.23 and Figure 6.8 respectively. The models were meshed using 4-node 
linear axisymmetric heat transfer quadrilateral elements (DC2D4). 
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Figure 7.21: Disc surface temperature for small scale and full scale discs for 
condition 1. 
 
Figure 7.22: Disc surface temperature for small scale and full scale discs under 
condition 2. 
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Figure 7.23: Two dimensional axisymmetric finite element model for small scale 
discs. 
The full scale Abaqus model was validated against the experimental results; the heat 
flux was calculated using the experimental data (equation (7.1)). The numerical surface 
temperature at the mean rubbing radius was compared against the experimental results 
as shown in Figure 7.24. The very good agreements throughout the braking event 
demonstrate the validity of the numerical model. 
 
Figure 7.24: Validation of the full disc surface temperature. 
Centre of rotation 
Line of symmetry 
Heat flux 
Highlighted edges have convection 
cooling 
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Having validated the FE model against the experimental results, the 2D axisymmetric 
models were used to simulate very high speed drag braking in order to further 
investigate the thermal performance of both small and full scale discs. Figure 7.25 
shows the surface temperature at mean rubbing radius for both small and full scale 
discs; the speed of the vehicle was 140 km/h and the full scale brake torque was 40 Nm. 
The results show a very good agreement with a very small difference which was 
expected as there are likely to be differences in the disc brake geometry explained 
earlier. 
 
Figure 7.25: Numerical disc surface temperature for small and full scale discs 
during high drag braking. 
The temperature distribution for both small and full scale discs at different time steps 
was investigated as shown in Figure 7.26 and Figure 7.27 respectively. It was noticed 
that the temperature distribution for both models was similar which proves that the 
scaling methodology can be used to investigate the thermal performance of disc brakes. 
In general there are small differences in the magnitude and this was due to different disc 
geometry between the small and full scale disc brake. Although the geometry of the full 
scale disc is slightly different (as shown in Chapter 5) to that of the small scale disc, 
their thermal distribution is almost the same, because in the scaling methodology the 
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thermal mass of the full scale disc was considered, in preference to the geometry. In 
addition, the convection cooling effect has an influence on the temperature distribution 
of full and small scale, because the full scale disc has a larger surface area than the 
small scale disc brake which improves the cooling behaviour and also affects the 
temperature distribution. 
 
Figure 7.26: Temperature distribution of the small scale disc at different time 
steps. 
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t = 1 s 
t = 2 s 
t = 3 s 
t = 4 s 
t = 6 s 
t = 8 s 
t = 10 s 
Centre of rotation 
Line of symmetry 
rinner 
r
outer
 
Chapter 7: Experimental and numerical results   209 
__________________________________________________________________________________________________________ 
 
 
 
Figure 7.27: Temperature distribution of the full scale disc at different time steps. 
t = 0 s 
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t = 3 s 
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7.5 Thermal performance of the failed coated wrought aluminium alloy disc 
brake rotor 
The coated wrought aluminium disc was tested under very extreme braking conditions 
in order to evaluate its maximum operating temperature. It was found that the disc 
failed catastrophically when the surface temperature reached 550
o
C as shown in Figure 
7.28. Since the substrate reached the melting temperature of the aluminium alloy 
(550
o
C). From the thermal image of the failed disc, the coating which covered the 
whole disc brake limited the dissipation of energy by natural convection and trapped all 
the heat inside the disc. This could be improved by coating the rubbing surface only 
thereby allowing the heat to dissipate more readily from uncoated surfaces. 
 
Figure 7.28: Temperature distribution of the coated wrought aluminium disc 
brake rotor before the catastrophic failure. 
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Based on the validated FE model, the effect of the vehicle mass on the maximum 
surface temperature of the coated brake rotor during a mountain descent was evaluated. 
The braking event selected for the current analysis was an extreme mountain descent 
lasting 23 minutes with an average slope of 12% and average vehicle speed of 80 km/h. 
The simulation results are shown in Figure 7.29 for both the coated aluminium alloy and 
standard grey cast iron discs. According to the experimental results the coated 
aluminium alloy disc brake rotor fails at 550
o
C surface temperature which implies a 
maximum vehicle mass of around 1700 kg for the front disc brake rotor for which fx  
has been set to 0.7. However, to give an adequate safety margin, the maximum 
operation temperature of the coated aluminium alloy disc brake rotor was assumed to be 
450
o
C which gives a maximum vehicle mass of 1400 kg for the front disc brake rotor. 
However the thermal performance of the coated front rotor could be further improved 
by optimising the disc design and the thermal properties of the disc materials which is 
considered in the following sections. The temperature response for a rear disc brake 
rotor was simulated for the same mountain descent as shown in Figure 7.29. To 
simulate the rear axle brake, the proportion of braking,
 r
x  , was set to a realistic 
maximum of 0.4. The results indicate that the coated aluminium alloy rotor could find 
application in a rear disc brake assembly on vehicles up to 2000 kg mass. 
 
Figure 7.29: Effect of vehicle mass on the maximum temperature of the disc brake. 
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7.6 Summary 
In this chapter the thermal performance of various disc brake rotors was investigated 
numerically and experimentally. A test matrix based on the well-known SAE standards 
was developed to assess the thermal and friction performance of the small scale disc 
brake rotors. The five selected small scale disc brake rotors were tested using the 
developed brake test matrix. The results show that, after CGI, the coated aluminium 
alloy had the best thermal performance of the lightweight rotors tested in terms of 
structured integrity at elevated temperature. The friction coefficient for the coated 
aluminium alloy was also more stable than for the plain Al-alloy, Al-MMC or coated 
Al-MMC rotors. The uncoated aluminium alloy and aluminium metal matrix composite 
rotors did not withstand the higher temperature on the rubbing surface and scratches 
began to appear at a relatively low temperature due to softening of the aluminium. The 
discs were tested to their limits to assess the thermal performance of each material both 
with and without a coating. The experimental results were validated with the numerical 
results obtained from the FE model and the results show a good agreement. The 
validated FE model will be used in future studies to explore different braking conditions 
and to investigate the optimum lightweight disc brake rotor design prior to full scale 
dynamometer and on-vehicle testing. 
High speed thermal imaging system was used to monitor the surface temperature and 
confirm that the sliding thermocouples are fit for purpose. It was shown that the 
temperature obtained from sliding thermocouples was close to the thermal image system 
during the drag braking event. However, the sliding thermocouples show a slow 
response to rapid increase in surface temperature during the constant g stop braking 
event which is explained in section 7.4.1. 
The reduced scale disc data was compared with the full scale disc data obtained from 
the brake dynamometer. The results obtained showed an excellent agreement between 
numerical and experimental results for both the full and small scale discs. The small 
scale brake dynamometer is an important tool that can be used to investigate the thermal 
performance of disc brakes at lower cost and in a shorter timescale. Also it can be used 
to investigate the friction behaviour of brake pads in the early design stage. The thermal 
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distribution of the full and small scale disc brakes was investigated using a two 
dimensional axisymmetric finite element model in Abaqus and the results showed that 
both models displayed almost the same behaviour. There are small differences in the 
thermal distribution because of the effect of cooling and aspect ratio. Furthermore, it 
was assumed that both full and small scale discs had the same convective cooling rate. 
In reality, full and small scale discs will have different convection cooling rates because 
of the different disc areas and rotational speed. 
 
 CHAPTER 8:  
MATERIAL CHARACTERISATION 
RESULTS 
8.1 Introduction 
Material characterisation analysis of various disc brake rotors and pads before and after 
the braking tests is presented in this chapter. Different techniques, such as optical and 
scanning electron microscopy, were used to investigate the microstructure of different 
disc brake rotor and pad materials in plan and cross-sectional view. In addition, the 
elemental compositions were analysed using the EDX technique for the lightweight disc 
brake rotors before and after the braking tests. The mechanical properties and the 
roughness of the various lightweight discs brake rotors with and without coating were 
studied and reported upon. Finally, coating durability and transfer layer analyses were 
carried out in order to evaluate the coating surface after the brake testing. 
8.2 Microstructure and morphology analysis  
This section describes how the microstructure of the coated and uncoated small scale 
disc brake rotors was investigated in order to evaluate the effect of braking on the 
surface of the disc brake rotor. The analysis was carried out before and after the braking 
tests, in order to identify any change in the surface texture. Various techniques were 
used to study the microstructure and morphology of the disc brake rotor substrates and 
coatings as explained in the following subsections.  
8.2.1 Before braking tests 
8.2.1.1 Wrought aluminium alloy substrate 
The aluminium substrate used in the current research was wrought 6082-T6 alloy, as 
explained in previous chapters. An SEM image taken for the 6082-T6 wrought 
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aluminium is shown in Figure 8.1. This image showed some scratches on the surface 
which were generated during sample preparation and small white spots which were 
detected from the EDX analysis as silicon phases. The presence of silicon particles was 
expected for this type of aluminium alloy as explained in Chapter 3 and shown in Figure 
8.2 region (b). 
 
Figure 8.1: Surface morphology of wrought aluminium alloy before braking tests. 
EDX analysis was carried out in different regions of the 6082-T6 aluminium alloy as 
shown in Figure 8.2, and various elements were detected apart from aluminium, namely 
silicon (Si), magnesium (Mg), copper (Cu), chromium (Cr), manganese (Mn), Titanium 
(Ti), and iron (Fe). It was found from the EDX analysis that the white coloured areas in 
the aluminium surface relate to high concentrations of silicon which is expected for this 
type of aluminium. The results for elemental composition obtained from the EDX 
analysis, shown in Table 8.1, are in a good general agreement with the values obtained 
from the literature presented in Chapter 3. Although EDX analysis is not an accurate 
technique for evaluating the elemental composition of a material, it is sufficiently 
accurate for the purposes of the current study. It was found that a higher percentage of 
silicon was present on the surface which might be because of the metallographic 
processing and the use of SiC paper for grinding/polishing the surface in particular. 
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Figure 8.2: EDX analysis for wrought aluminium alloy before braking tests in 
three different regions (a), (b) and (c). 
 
 
 
 
 
 
 
Region (b) 
 
Region (c) 
Region (a) 
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Table 8.1: Elemental composition (weight %) of wrought aluminium alloy 6082. 
Element Si Mg Mn Fe Cr Cu Zn Ti Al Total 
Region 
(a) 
1.10 0.50 0.87 0.38 0.24 0.04 0.16 0.15 96.56 100 
Region 
(b) 
2.98 0.69 1.72 2.79 0 0.32 0 0 91.51 100 
Region 
(c) 
0.89 0.59 0.7 0.58 0.16 0.15 0 0.07 96.86 100 
 
8.2.1.2 Aluminium metal matrix composite substrate 
The aluminium metal matrix composite used in the current research was AMC640XA 
which consists of a high quality aluminium alloy (AA6061) reinforced by 40% silicon 
carbide particles. Its surface morphology is shown in Figure 8.3. In the SEM image the 
dark phase represents the metal and the white phase represents the SiC particles. In 
addition, Figure 8.4 shows the surface microstructure of the composite which consists 
of an aluminium matrix with SiC particles distributed throughout the surface. 
EDX analysis was carried out for various regions of the aluminium metal matrix 
composite with results as shown in Figure 8.5. Elements detected, in addition to 
aluminium, were silicon (Si), carbon (C), magnesium (Mg), copper (Cu), chromium 
(Cr), manganese (Mn), Titanium (Ti), and iron (Fe). The composition (in weight %) in 
two different regions is presented in Table 8.2. 
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Figure 8.3: SEM micrograph showing surface morphology of the aluminium metal 
matrix composite before braking tests. 
 
Figure 8.4: Optical micrograph of the microstructure of the aluminium metal 
matrix composite before braking tests. 
 
Dark phase White phase 
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Table 8.2: Elemental composition of the aluminium metal matrix composite 
(weight %). 
Element Si Mg Mn C Fe Cr Cu Zn Ti Al Total 
Region 
(a) 
30.51 0.2 0 34.8 0.13 0.02 0.15 0 0.05 34.12 100 
Region 
(b) 
27.36 0.3 0.04 35.5 0.16 0.06 0.24 0 0 36.22 100 
 
 
Figure 8.5:  EDX analysis for the aluminium metal matrix composite before 
braking tests in two different regions (a) and (b). 
 
Region (a) 
 
Region (b) 
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8.2.1.3 Plasma electrolytic oxidation coating 
Typical SEM images for the PEO coated aluminium metal matrix composite and 
wrought aluminium alloy are shown in Figure 8.6 and Figure 8.7, respectively at two 
different magnifications. Figure 8.6 shows the surface of a 30 μm coating for the Al-
MMC substrate, while Figure 8.7 shows the surface of a 50 μm coating for the wrought 
Al-alloy substrate. 
The surface morphologies of the PEO coating of the Al-MMC and Al-alloy are very 
similar, as shown in Figure 8.6 and Figure 8.7 respectively. It can be seen that many 
particles with spherical, lamellar and irregular shapes formed on the surface (volcano-
like eruptions) of the PEO coating. In addition, it can be seen from the SEM images that 
a number of small shrinkage holes had formed on the surface during the crystallisation 
phase. Their surface morphologies are characterised by macro-particles which resulted 
from spark discharge during the layer growth [89, 128, 129]. 
In this study it was found that there are two main layers in the PEO coating for both 
substrate materials as shown in the SEM‟s of Figure 8.8 and Figure 8.9 which present 
the cross sectional view for each coating. The first layer is the inner layer which is 
strongly adhered to the substrate and the second layer is the outer loose layer (porous 
top layer) as shown in Figure 8.8 and Figure 8.9 [128].  
According to the SEM images of the cross section shown in Figure 8.8 and Figure 8.9, 
wrought Al 6082 has an extremely dense and uniform coating with alpha/gamma 
alumina [82, 128] as major constituents. This gives an extremely hard and durable tribo 
surface with stable CoF (reported in chapter 7) in addition to conferring a significant 
thermal barrier effect. On the other hand, only 60% of the Al-MMC, is 6061 alloy and 
the remaining 40 vol% consists of SiC particles. This high proportion of SiC presents 
considerable challenges to the PEO process and in fact to any surface modification 
process. The resulting coating is not very uniform with high levels of porosity. While 
the coating gives a considerable improvement in corrosion resistance compared to the 
MMC substrate [82], the tribological performance is poorer compared to the coated 
wrought alloy due to: a) lower density and softer coating; b) crumbling and subsequent 
detachment of the ceramic particles (alumina plus some SiC) which results in three-
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body abrasion wear between the disc and the brake pad, similar to the effect of feeding 
sand into the rubbing interface. 
 
Figure 8.6: Surface morphology of PEO coating for the aluminium metal matrix 
composite substrate before braking tests.  
Chapter 8: Material characterisation results 222 
__________________________________________________________________________________________________________ 
 
 
 
Figure 8.7: Surface morphology of PEO coating for the wrought aluminium alloy 
substrate before braking tests.  
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Figure 8.8: Cross sectional view for the coated wrought aluminium alloy substrate 
before braking tests: (a) SEM and (b) optical micrograph.  
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Figure 8.9: Cross sectional view for the coated aluminium metal matrix composite 
substrate before braking tests.  
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EDX analysis was carried out for the PEO coating on the wrought aluminium substrate 
which revealed that the main elements were oxygen (O) and aluminium (Al) as shown 
in Figure 8.10 and Table 8.3. These elements were expected to be found in the PEO 
coating. Also, the appearance of silicon in the cross sectional view might be due to the 
preparation process as SiC paper was used for grinding/polishing. 
 
Figure 8.10:  EDX analysis for coated wrought aluminium (6082) substrate before 
braking tests in two different regions (a) and (b).  
Table 8.3: Elemental composition (weight %) of coated wrought aluminium alloy 
6082. 
Element Si Mg Mn Fe Cr Cu O Ti Al Total 
Region 
(a) 
7.87 0.55 0.62 0.25 0.29 0.03 40.51 0 49.88 100 
Region 
(b) 
4.52 0.32 0 0 0 0 44.40 0 49.23 100 
 
(b) 
(a) 
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The same EDX analysis used to evaluate the PEO coating for the aluminium MMC 
substrate revealed that the main elements were oxygen (O), silicon (Si), carbon (C) and 
aluminium (Al) as shown in Figure 8.11 and Table 8.4. It was found that a high 
percentage of silicon and carbon appeared on the coating surface. This was expected for 
the coating layer because the aluminium MMC consisted of 40% SiC particles. Also it 
was noticed that more aluminium (Al) was found on the layer close to the substrate as 
shown on Table 8.4 as would be expected. 
 
Figure 8.11: EDX analysis for the coated aluminium metal matrix composite 
substrate before braking tests in three different regions (a), (b) and (c). 
 
(a) 
(b) 
(c) 
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Table 8.4: Elemental composition of the coated aluminium metal matrix composite 
(weight %). 
Element Region (a) Region (b) Region (c) 
Si 34.38 29.89 16.64 
Mg 0.1 0.34 0.22 
Mn 0.08 0.22 0 
Fe 0.24 1.49 0.07 
K 3.4 3..32 0.58 
Cu 0 1.44 0.26 
C 13.16 15.6 32.11 
O 37.73 35.29 29.18 
Cr 0 0 0.18 
P 0 0 1.55 
Na 1.11 1.4 0 
Al 9.8 11.02 19.2 
Total 100 100 100 
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8.2.1.4 Brake pads 
The brake pads used in the current research were manufactured by TMD Friction. They 
were designed specifically to rub against an alumina coating but were also found to 
produce acceptable levels of friction performance against standard cast iron and 
uncoated aluminium rotor brakes, as explained in Chapter 7. Most brake pad 
manufacturers do not specify the exact contents of their pad materials. In this section the 
elemental composition of the brake pads provided by TMD was investigated using EDX 
analysis in order to build up a basic knowledge about the contents which would later 
help to identify the transfer layer on the rubbing surface. TMD describe the current 
material as an organic based friction material which was designed to be as close as 
possible to the so called Low-Met (low metallic) material that is preferred by the 
European market. EDX analysis was carried out for various regions of the brake pads as 
shown in Figure 8.12.  
According to the EDX analysis the main components in the brake pads are as follows: 
carbon (C), oxygen (O), iron (Fe), copper (Cu), zinc (Zn) and tin (Sn). Table 8.5 
summarises the elemental composition of the brake pads in different regions by weight 
%. The elemental composition proves that the current brake pad is an organic pad with 
low metallic elements [130]. The results obtained were compared with published data 
and showed good agreement with typical weight percentages for the different elements 
[130]. 
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Figure 8.12: EDX analysis for the brake pad before braking tests in three different 
regions (a), (b) and (c). 
 
 
 
 
 
 
(a) 
(b) 
(c) 
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Table 8.5: Elemental composition of the brake pad (weight %). 
Element (a) (b) (C) 
C 55.35 59.17 55.23 
O 17.57 14.94 16.95 
Mg 2.61 1.95 2.59 
Al 1.82 1.33 1.76 
Si 1.98 1.38 1.96 
P 0.32 0.28 0.30 
S 1.14 0.98 1.11 
K 0.27 0.18 0.28 
Ca 0.17 0.20 0.15 
Ti 1.39 1.31 1.33 
Cr 0.74 0.63 0.73 
Fe 7.73 7.57 8.40 
Cu 2.46 3.65 2.61 
Zn 3.02 3.40 2.85 
Sn 3.38 2.87 3.46 
Yb 0.06 0 0 
Mn 0 0.16 0.10 
Ba 0 0 0.18 
Total 100.00 100.00 100.00 
 
8.2.2 After braking tests 
8.2.2.1 Disc brake rotor 
In this section, those lightweight small scale disc brake rotors that survived the braking 
test matrix were evaluated using EDX analysis to determine the effect of braking on the 
elemental composition of the disc rubbing surface; in other words, to evaluate the 
transfer layer between the brake pad and discs. The two discs that withstood the test 
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matrix were the coated aluminium alloy and the coated aluminium MMC discs. 
Although the tribological performance of the coated aluminium alloy was much better, 
as shown in Chapter 7, EDX analysis for both discs was carried out. 
The rubbing surface of the aluminium alloy was examined using EDX analysis and the 
results of the rubbing surface elemental composition are shown in Figure 8.13 and 
Table 8.6. EDX analysis of the rubbing surface showed that a 3
rd
  layer had developed 
on the rubbing surface which consisted of a combination of the disc and pad materials 
as shown in Table 8.6. The main elements which transferred from the brake pads to the 
rubbing surface were: carbon (C), iron (Fe), copper (Cu), zinc (Zn) and tin (Sn). An 
EDX map for the rubbing surface was developed, as illustrated in Figure 8.14, which 
shows the distribution of the main elements on the rubbing surface. It can be seen that 
both iron and copper are distributed all over the rubbing surface and there are small 
areas where aluminium is present.  
 
Figure 8.13: EDX analysis for the coated wrought aluminium substrate rubbing 
surface after braking tests in two different regions (a) and (b). 
  
(b) 
(a) 
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Table 8.6: Elemental composition of the coated wrought aluminium alloy rubbing 
surface after braking tests (weight %). 
Element (a) (b) 
C 19.22 9.63 
O 19.49 24.46 
Mg 2.22 1.78 
Al 16.97 26.71 
Si 2.18 5.97 
K 0.35 1.56 
Ca 0.29 0 
Ti 1.09 0.85 
Cr 1.07 0.70 
Fe 18.80 12.62 
Cu 12.62 10.44 
Zn 2.23 1.97 
Sn 3.46 2.97 
Mn 0 0.35 
Total 100.00 100.00 
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Figure 8.14: EDX map image of the coated aluminium alloy rubbing surface of 
disc brake rotor after testing. 
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Although the coated Al-MMC disc did not show good friction performance, the transfer 
layer material from the brake pads to the disc was investigated, as shown in Figure 8.15 
and Table 8.7. Similar to the coated Al-alloy, the main elements transferred from the 
brake pads to the rubbing surface of the coated MMC rotor were iron (Fe), copper (Cu), 
zinc (Zn) and tin (Sn) as highlighted in Table 8.7. The presence of carbon in the coating 
prior to testing makes it difficult to determine whether the carbon elements had 
transferred from the brake pads to the rubbing surface. In addition, EDX analysis is not 
a good technique for evaluating the weight % of carbon. The EDX map analysis of the 
coated Al-MMC disc cross section is shown in Figure 8.16. The map results show that 
the main elements on the transfer layer are iron and copper which are present on the top 
of the coating layer. In addition, the SEM image of the cross section shows the variation 
in the coating thickness after braking, which was in the order of 10-15 µm. Detailed 
investigation of the coating thickness after the braking tests is presented in section 8.5. 
 
Figure 8.15:  EDX analysis for the coated aluminium metal matrix composite 
substrate rubbing surface after braking tests in two different regions (a) and (b).  
 
(a) 
 
(b) 
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Table 8.7: Elemental composition of the coated aluminium metal matrix composite 
rubbing surface after braking test (weight %). 
Element (a) (b) 
C 15.26 12.33 
O 15.53 13.65 
Mg 2.15 2.53 
Al 7.63 7.02 
Si 9.45 9.50 
K 1.09 0.93 
Ti 0.90 0.91 
Cr 0.93 1.05 
Fe 19.56 21.03 
Cu 21.61 23.83 
Zn 2.52 3.12 
Sn 3.37 3.72 
Ca 0 0.37 
Total 100.00 100.00 
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Figure 8.16: EDX map image of the coated aluminium metal matrix composite 
rotor cross section after testing. 
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8.2.2.2 Brake pads 
The average thickness of the brake pads used in the current study was measured before 
and after the tests using Micrometre. The results shown in Table 8.8 indicate that the 
wear rates against both the grey cast iron and the coated aluminium alloy rotor are 
similar. On the other hand, the wear rate on the brake pads for the plain aluminium is 
the highest because of the groove formation on the rubbing surface, as explained in 
Chapter 7. In addition, the brake pads that were used against coated aluminium MMC 
showed a better wear rate than when compressed against the uncoated substrate. 
However both brake pads showed a higher wear rate than that the associated with the 
coated aluminium alloy which might be because of the presence of SiC particles in the 
coated MMC disc surface. This is a general overview of the variation in thickness for 
brake pads before and after the braking tests and further investigation should ideally be 
carried out. 
Table 8.8:  Brake pad thickness variation before and after braking tests 
Disc material Before testing 
(mm) 
After testing (mm) Difference (mm) 
Coated wrought 
aluminium (6082) 
4.55 4.5 0.05 
Coated aluminium 
metal matrix 
composite 
4.97 4.85 0.12 
Plain alum nium 
metal matrix 
composite 
4.95 4.75 0.2 
Grey cast iron 4.9 4.84 0.06 
Plain wrought 
aluminium (6082) 
4.92 4.3 0.62 
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8.3 Surface hardness measurements 
Micro-hardness tests were carried out for the plain alloy and MMC rotors to investigate 
their hardness with and without coating. It was found that the PEO coating improved the 
hardness of the substrate for the wrought aluminium alloy by a factor of 8 while it 
improved the hardness of the Al-MMC by a factor of 5, as shown in Figure 8.17. It was 
too difficult to investigate the hardness of the PEO coating without polishing the 
samples as it was not easy to see the indentation on the coating surface. All the coating 
samples were polished before the micro-hardness tests. The results obtained showed 
good agreement with reported results [35, 89, 128]. Overall the PEO coated Al-MMC 
had by far the highest hardness, perhaps due to SiC phases in the coating for the silicon 
rich MMC. On the other hand, the hardness of the coated surface of the Al-alloy was 
lower than expected possibly due to deformation of the alloy substrate in response to the 
relatively high surface loading (1 kg). The error bars in Figure 8.17 represent the 
standard deviation of the Hardness value for various disc brake materials as explained in 
Chapter 3. 
 
Figure 8.17: Micro-hardness tests of the materials surface 
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8.4 Roughness analysis 
The surface roughness of all the discs was measured, with the results shown in Figure 
8.18. The roughness value is important to consider in this project as affects the wear 
rate. It can be seen that the coated Al-MMC had the highest surface roughness before 
test due to its surface morphology. The surface roughness of the plain Al-MMC 
increased after braking tests due to the scratches formed on the rubbing surface, as 
explained in Chapter 7. The roughness values for both grey cast iron and coated 
aluminium alloy are seen to be more stable and there was no marked difference between 
the roughness values before and after the braking tests. The error bars in Figure 8.18 
represent the standard deviation of the Ra value for various disc brake materials before 
and after braking at different location as explained in Chapter 3. 
 
Figure 8.18:   Roughness values for the discs before and after the braking tests. 
8.5 Coating durability and transfer layer analysis 
The coating thicknesses of the Al-alloy and Al-MMC substrate were measured before 
and after the braking test using the NP Flex optical interferometer (Brucker), as well as 
the optical and electron scanning microscopes. It was found that the coating thickness 
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for the Al-MMC substrate was an average 30 µm before the test and 15-20 µm after the 
test, while the coating thickness of the coated Al-alloy was 50 µm before the test and 49 
µm after the test.  
Figure 8.19 shows the SEM micrograph images of the coated aluminium alloy and 
aluminium MMC cross sections after the testing. Based on the EDX characterisation 
and these SEM images, it was concluded that the Al-alloy had a very dense and uniform 
coating with alpha/gamma alumina [26, 131] as main elements compared with the Al-
MMC. This tends to give a tremendously hard and robust tribo surface with a stable 
coefficient of friction and, in addition, a good thermal barrier effect as explained in 
section 8.2. 
 
Figure 8.19:  SEM images of the coated aluminium alloy and aluminium MMC 
cross sections after the testing [132]. 
The NP Flex optical interferometer (Brucker) was used to investigate the surface profile 
after the braking test, with the results as shown in Figure 8.20 which represents the 3D 
profile of the different disc brake rotors across a radial section of the rubbing surface. It 
was found that both coated and uncoated Al-MMC (Figure 8.20 (b) and (c)) were 
affected by the various braking tests while the coated Al-alloy had a more uniform and 
stable surface comparable to that of the standard grey cast iron shown in Figure 8.20 
(d). In addition, the plain Al-MMC disc rubbing surface began to suffer from scratches 
when the surface temperature recorded by the sliding thermocouples exceeded (300-
350)
o
C. This was because the aluminium on the rubbing surface started to soften, 
thereby exposing the SiC particles and creating a rough disc surface.  
(a) Al-Alloy (b) Al-MMC 
Resin 
Substrate 
Coating 
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Figure 8.20:  3D profile of the disc brake rotor rubbing surface. 
Furthermore, the transfer layer was investigated for the coated disc brake rotor using the 
NP Flex optical interferometer (Brucker), as well as the optical and scanning 
microscopes. It was found that an average of 2-4 µm of transfer layer was developed on 
the rubbing surface which was a combination of the disc and pad materials.  It is critical 
that the transfer layer is considered as it changes the thermal interaction between the 
disc and pad. Figure 8.21 shows the EDX map image of the coated aluminium alloy disc 
after the testing. It shows the material transferred from the brake pads to the rubbing 
surface. As shown on the rubbing surface of the coated aluminium alloy rotor that the 
main element transferred from the brake pad are: iron and copper compared to the 
normal coated surface. 
(a) Coated Al-alloy 
 
(b) Coated Al- MMC 
  
(c) Al- MMC 
  
(d) Grey cast iron 
  
Rubbing surface 
Rubbing surface 
Rubbing surface 
Rubbing surface 
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Figure 8.21:  EDX map image of the coated aluminium alloy disc brake rotors 
after testing. 
8.6 Characterisation of the failed coated wrought aluminium disc brake rotor 
The coated aluminium alloy disc brake rotor was tested under extreme braking 
condition until disc was failed when reached 550
o
C as explained in Chapter 7. The 
coated wrought aluminium disc brake rotor after the catastrophic failure is shown in 
Figure 8.22. Visual inspection of the failed disc brake rotor showed that the failure 
Rubbing surface 
PEO coating surface 
Direction of rotation 
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occurred around the inner radius of the rubbing surface circumferences as shown in 
Figure 8.22a which was expected as the disc beyond this region experiences the 
maximum temperature. Although the disc shattered in a number of separate pieces, 
Figure 8.22b, the coating on the rubbing surface remained attached to the pieces and to 
the remaining central rotor section. The fracture surface of the failed alloy material had 
a very fibrous appearance (Figure 8.22c) indicating the highly uniaxial nature of the 
crystallise nature of the wrought alloy. In order to confirm this behaviour SEM analysis 
for the failed disc was carried out as outlined below.  
 
Figure 8.22:  Coated wrought aluminium disc brake rotor after extreme braking 
condition. 
The wrought aluminium disc brake rotor was machined from a forged billet that caused 
the grain boundaries to form predominantly in the axial direction. This led to failure at 
the grain boundaries around the circumferences of the disc and in order to confirm these 
small samples of the rubbing surface of the failed rotor were investigated using SEM. 
The coating layer of the prepared sample was removed by grinding in order to 
(a) (b) 
(c) 
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investigate the grain boundaries structure and mode of failure.  The sample was coated 
with gold in order to have good SEM images as shown in Figure 8.23. The white spots 
on the sample consist of silicon, iron, magnesium, manganese and copper. The SEM 
images indicate that the failures occurred along the grain boundaries [133]. 
 
Figure 8.23:  SEM images of the failed coated aluminium alloy rubbing surface. 
 
8.7 Summary  
The disc brake rotors were investigated before and after braking test using different 
technique. The microstructures of the rotors were analysed using optical and scanning 
electron microscopy in plan and cross sectional view. The elemental composition of the 
rotors were analysed before and after braking test using EDX analysis. Also the same 
technique was used to identify the transfer layer on the disc rubbing surface. The 
mechanical properties of the coating and substrates were obtained using the micro 
hardness machine, Furthermore; the coating durability was carried out to evaluate the 
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coating before and after the braking tests.  The following points summarise the material 
characterisation results from the current study: 
 In the SEM image of the PEO coating (Figure 8.8 and Figure 8.9), a loose layer 
was observed between the resin and the outer layer of coating. 
 The PEO alumina layer adhered well to the aluminium alloy substrate and was 
more uniform when compared to that on the aluminium metal matrix composite 
(Figure 8.19). 
 The PEO coatings significantly improve the hardness of the substrate (Figure 
8.17) with the PEO coated Al-MMC having by far the highest hardness. 
 CHAPTER 9:  
DESIGN OF EXPERIMENT AND 
OPTIMISATION ANALYSIS 
9.1 Introduction 
The results obtained in the previous Chapters showed that the PEO coated wrought 
aluminium disc brake rotor could potentially be used in the automotive industry. The 
2D axisymmetric finite element models derived in chapter 6 were used in the current 
analysis in order to find the optimum coated disc brake rotor thickness. A Taguchi 
analysis was applied to the validated finite element model allowing for consideration of 
all the critical design and material factors. Based on the results of the Taguchi analysis, 
a parametric sensitivity analysis was carried out to define the parameters that affect the 
thermal performance of the lightweight disc brake rotor. Optimisation analysis was then 
carried out based on the Taguchi study to find the optimum disc brake rotor thickness. 
The optimum design was then validated using the numerical model to simulate a well-
known „worst case‟ braking event. 
9.2 Nominated finite element models 
The finite element model used in the current study is the same model derived and 
explained in Chapter 6; namely the axisymmetric transient heat transfer model. The 
main advantages of using this model are as follows: it has been validated with the 
experimental results and showed generally very good agreement as described in Chapter 
7. The model geometry can be changed easily to accommodate amendments to the 
various parameters that were used in the current analysis. The computational time to run 
various braking events is acceptable as the optimisation study required more than 60 
runs to be simulated. 
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9.3 The Taguchi study 
In the development of the numerical model explained in Chapter 6, there were many 
factors and parameters in the disc brake design which could be modified. These factors 
could improve and optimise the design, especially for the coated lightweight disc brake 
rotor. The main problem was that the number of factors that needed to be considered in 
order for the study to be valid would require a large number of numerical experiments. 
In order to simplify the proposed exercise, a Taguchi analysis was performed to find the 
influence of different parameters and factors on the thermal performance of small scale 
solid disc brake rotors.  
9.3.1 Fundamentals 
The Design of Experiments approach was developed by Taguchi as a process for 
evaluating all possible methods of reaching a desired objective, both efficiently and 
reliably [134]. The Taguchi technique is widely used in design and manufacturing 
processes in order to find the optimum combination of parameters. Also, this technique 
allows the designer to assess the effect of various factors on the quality of the product. 
Taguchi defined the factors as either external or internal, where internal factors are 
those which can be modified by the designer and external factors are those which cannot 
be modified in a product [135].  
In the current study, L8 and L12 orthogonal arrays were used for the uncoated and coated 
disc brake rotor investigation respectively. The uncoated disc brake rotor model had six 
factors that needed to be investigated at two finite levels, whilst the coated disc brake 
rotor model had eight factors that needed to be studied at two finite levels, as explained 
below. The defined orthogonal array, which presents the number of runs for each model 
with the different factors at different combinations of levels, was used to investigate the 
effect of the different factors on the critical output, which is the maximum temperature 
of the disc. 
In order to maximise the robustness of the exercise, the signal-to-noise (S/N) ratio was 
used to calculate the so-called “main effect” of each parameter. The main advantages of 
using the S/N ratio are that it measures relative quality and is independent of the mean 
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value. It also reflects the variability in the response of a system caused by noise factors 
and does not introduce unnecessary complications [136].  
The S/N ratio is calculated from the following equation [135]: 
)(log10 10 V
N
S
  (9.1) 
in which the variance V is given by: 
)(
1 22
2
2
1 NYYY
N
V    (9.2) 
where V is the variance, N  is the number of data points and iY  is the value of the i
th
 
data point (i.e. in this case, the maximum disc temperature). The main effects are then 
calculated by finding the difference between the S/N ratio between level 1 and 2 of the 
particular factor; the higher the value, the greater is the influence that the factor has on 
the “main effect”, which is the maximum rotor surface temperature. 
9.3.2 Uncoated disc brake rotor 
The Taguchi analysis was carried out for the uncoated disc brake rotor model explained 
in Chapter 6. The selected factors used for the current analysis are shown in Table 9.1 at 
two different levels and the L8 Taguchi matrix is presented in Table 9.2, factor G was 
not used in the current analysis as the number of factor used in this study are six. The 
factors that have been selected are: disc thickness, partition ratio, disc density, disc 
thermal conductivity, disc specific heat and convection coefficient. The factor ranges 
were selected based on the literature for different materials from lightweight aluminium 
alloy up to steel and cast iron discs. The brake event parameters selected for carrying 
out the Taguchi study were as follows: drag braking for 10 s, with a constant vehicle 
speed of 60 km/h down an average slope of 12% with an equivalent vehicle mass of 
1400 kg which is typical of the conditions experience by a vehicle during part of the 
Grossglockner descent. The reason for not considering the full 23 minute of the 
Grossglockner descent is the very large computational time required for such a run. 
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Table 9.1: Factors selected for the Taguchi study with their maximum and 
minimum levels for the uncoated disc brake rotor. 
Factor 
Level 
1 2 
A Disc thickness (mm) 5 15 
B Disc/pad partition ratio 0.83 0.95 
C Density (kg/m
3
) 2700 7900 
D Thermal conductivity (W/m
2
K) 48 240 
E Specific heat (J/kgK) 450 900 
F Convection coefficient (W/m
2
K) 30 70 
Table 9.2: L8 Taguchi matrix. 
 Factors 
Run A B C D E F G 
1 1 1 1 1 1 1 1 
2 1 1 1 2 2 2 2 
3 1 2 2 1 1 2 2 
4 1 2 2 2 2 1 1 
5 2 1 2 1 2 1 2 
6 2 1 2 2 1 2 1 
7 2 2 1 1 2 2 1 
8 2 2 1 2 1 1 2 
 
The axisymmetric uncoated disc brake rotor model was used to simulate the thermal 
performance of uncoated disc brake rotors for the different factor combinations 
presented in Table 9.1 and Table 9.2. The temperature distributions at the end of the 
drag braking event are shown in Figure 9.1.  
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A summary of the Taguchi study for the current analysis is presented in Table 9.3, 
where the maximum temperature of the disc is shown for the different factor 
combinations. It can be seen that the highest disc temperature was obtained in run 1 
where the disc thickness was at its lowest value. The lowest disc temperature was in run 
6 where the disc thickness was at its highest value. This is because the thermal inertia of 
the disc is directly related to its size. 
The S/N analysis was carried out based on equations (9.1-9.3) and the calculated results 
are presented in Table 9.4 and Figure 9.2. The results show that disc thickness has the 
largest effect on the maximum disc brake temperature. On the other hand, convection 
coefficient has the lowest effect on the maximum disc temperature which may be 
because a solid disc brake rotor was used and therefore there is no convective heat loss 
from the vanes. The other selected factors have almost the same effects on the 
maximum disc brake temperature. Although the thermal properties of the disc have an 
effect on the disc brake temperature, in reality it is difficult to design a material with 
specific thermal properties. In addition, the partition ratio is dependent on the thermal 
properties of both the disc and pad material which is complicated to control. It was 
concluded that the disc brake thickness has the largest effect on the maximum disc 
brake temperature and this factor will be used in the optimisation analysis. The results 
obtained from the current analysis agree well with other published results [19]. 
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Figure 9.1: Temperature distribution at the end of the braking event for the 
Taguchi study for the uncoated disc brake rotor. 
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Table 9.3: Results of the L8 Taguchi study of the uncoated disc brake rotor. 
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1 5 0.83 2700 48 450 30 826.8 
2 5 0.83 2700 240 900 70 353.0 
3 5 0.95 7900 48 450 70 398.8 
4 5 0.95 7900 240 900 30 184.6 
5 15 0.83 7900 48 900 30 99.4 
6 15 0.83 7900 240 450 70 106.6 
7 15 0.95 2700 48 900 70 214.6 
8 15 0.95 2700 240 450 30 253.6 
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Table 9.4: S/N Ratio and main effects for the uncoated disc brake rotor. 
Level 
Factor 
A B C D E F 
Disc 
thickness 
(mm) 
Partition 
ratio 
Density 
(kg/m
3
) 
Thermal 
conductivity 
(W/m
2
K) 
Specific 
heat 
(J/kgK) 
Convection 
coefficient 
(W/m
2
K) 
1 -53.98 -53.16 -53.6 -53.51 -53.60 -52.96 
2 -45.17 -48.80 -47.29 -47.67 -47.29 -49.30 
Main 
effects 
8.81 4.36 6.31 5.83 6.31 3.65 
 
 
Figure 9.2: Main effects for the uncoated disc brake rotor. 
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9.3.3 Coated disc brake rotor 
The results obtained from the uncoated disc brake rotor show that the disc thickness has 
the largest effect on the maximum disc brake temperature. The same analysis used in 
the previous section was used in the current section where the effect of coating 
thickness and coating thermal properties was included with different factors and 
Taguchi matrix as shown in Table 9.5 and Table 9.6. The factors I, J and K was not 
used in this analysis as the number of factor selected are eight factors. 
The maximum disc brake temperature and the S/N ratios were calculated for the 
different combinations (shown in Table 9.5), with the results as shown in Table 9.7 and 
Table 9.8 respectively. The summary of these results in Figure 9.3 indicates that the 
substrate thickness has the largest effect and the substrate thermal conductivity the 
second largest effect. Overall the coating thickness has the smallest effect on the 
maximum disc brake temperature.  
From this analysis it was concluded that the substrate thickness is the main factor that 
has the largest effect on the maximum surface temperature. This is because the thermal 
inertia of the disc is directly related to its size. The coating thickness has the smallest 
effect on the maximum surface temperature but it is used in the following optimisation 
analysis as it has a major influence on the cost and processing time of the PEO process. 
It is also a parameter that can be relatively easily controlled compared to the material 
properties of the alumina coating which are largely pre-determined. 
Examination of Table 9.7 shows that run 7 gave the lowest maximum surface 
temperature. The factors selected for this run satisfy the best values recommended by 
the main effects shown in Figure 9.3, i.e. maximization of substrate thickness, 
maximisation of substrate thermal conductivity and maximisation of the coating thermal 
conductivity; therefore a confirmation run was not deemed necessary. 
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Table 9.5: Factors selected for the Taguchi study with their maximum and 
minimum levels for the coated disc brake rotor. 
Factor 
Level 
1 2 
A Disc thickness (mm) 5 15 
B Disc density (kg/m
3
) 2700 3100 
C Disc thermal conductivity (W/m
2
K) 90 240 
D  Disc specific heat (J/kgK) 800 900 
E Coating thickness (µm) 30 100 
F Coating density (kg/m
3
) 2700 3200 
G Coating thermal conductivity (W/m
2
K) 0.5 4 
H  Coating specific heat (J/kgK) 800 895 
Table 9.6: L12 Taguchi matrix 
 Factors 
Run A B C D E F G H I  J K 
1 1 1 1 1 1 1 1 1 1 1 1 
2 1 1 1 1 1 2 2 2 2 2 2 
3 1 1 2 2 2 1 1 1 2 2 2 
4 1 2 1 2 2 1 2 2 1 1 2 
5 1 2 2 1 2 2 1 2 1 2 1 
6 1 2 2 2 1 2 2 1 2 1 1 
7 2 1 2 2 1 1 2 2 1 2 1 
8 2 1 2 1 2 2 2 1 1 1 2 
9 2 1 1 2 2 2 1 2 2 1 1 
10 2 2 2 1 1 1 1 2 2 1 2 
11 2 2 1 2 1 2 1 1 1 2 2 
12 2 2 1 1 2 1 2 1 2 2 1 
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Table 9.7: Results of the L12 Taguchi study of the coated disc brake rotor. 
Run 
Factor 
Maximum 
surface 
temperature 
[
o
C] 
A B C D E F G H 
Disc 
thickness 
(mm) 
Disc 
Density 
(kg/m
3
) 
Disc 
Thermal 
conductivity 
(W/m
2
K) 
Disc 
Specific 
heat 
(J/kgK) 
Coating 
thickness 
(µm) 
Coating 
density 
(kg/m
3
) 
Coating thermal 
conductivity 
(W/m
2
K) 
Coating 
specific heat 
(J/kgK) 
1 5 2700 90 800 30 2700 0.5 800 368 
2 5 2700 90 800 30 3200 4 895 350 
3 5 2700 240 900 100 2700 0.5 800 326 
4 5 3100 90 900 100 2700 4 895 296 
5 5 3100 240 800 100 3200 0.5 895 321 
6 5 3100 240 900 30 3200 4 800 233 
7 15 2700 240 900 30 2700 4 895 104 
8 15 2700 240 800 100 3200 4 800 118 
9 15 2700 90 900 100 3200 0.5 895 204 
10 15 3100 240 800 30 2700 0.5 895 120 
11 15 3100 90 900 30 3200 0.5 800 138 
12 15 3100 90 800 100 2700 4 800 137 
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Table 9.8: S/N Ratio and main effects for the coated disc brake rotor. 
Level 
Factor 
A B C D E F G H 
Disc 
thickness 
(mm) 
Disc 
Density 
(kg/m
3
) 
Disc 
Thermal 
conductivity 
(W/m
2
K) 
Disc 
Specific 
heat 
(J/kgK) 
Coating 
thickness 
(µm) 
Coating 
density 
(kg/m
3
) 
Coating thermal 
conductivity 
(W/m
2
K) 
Coating specific 
heat (J/kgK) 
1 -50.06 -48.55 -48.49 -48.02 -47.73 -47.93 -48.45 -47.63 
2 -42.95 -46.94 -46.68 -47.03 -47.91 -47.71 -47.10 -48.01 
Main 
effects 
7.10 1.61 1.81 0.98 0.18 0.21 1.35 0.38 
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Figure 9.3: Main effects for the coated disc brake rotor. 
9.4 Optimisation analysis 
The coated aluminium alloy disc has already been shown to have very good thermal and 
tribological performance. In this section, a genetic algorithm was used to investigate the 
optimum thickness of the coating and the disc brake substrate in order to further 
improve the thermal performance. The material properties assumed were similar to the 
material properties used in the previous analysis for the PEO coated aluminium alloy 
(6082) rotor with the same overall geometry. The optimisation problem defined in the 
current section is to minimise the weight of the disc brake rotor by minimising the total 
thickness of the coating (tc) and substrate (ts) based on the following constraints: the 
maximum temperature at the surface of the coating must be less than 550
o
C; the 
maximum temperature in the substrate must be less than 450
o
C; the coating thickness 
must be in the range 30-100 µm; and the disc thickness must be in the range 5-15 mm. 
These parameters were selected based on material limitation and overall size 
constraints. 
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Determining the best combination of design variables located within the design space is 
a typical optimisation problem. In this case, two design variables were investigated: 
namely, coating thickness (tc) and substrate thickness (ts). Simulating every possible 
combination of even just these two variables would be far from straightforward, so in 
order to find the best combination, meta-modelling was used which provides an 
accurate set of results using the minimum number of experiments or simulations [48]. 
The Optimal Latin Hypercube (OLH) approach was used to produce 30 different 
combinations of the selected design variables. This approach distributes the design 
variables in the design space uniformly within the lower and upper limits of each 
variable. The selected OLH approach is a combination of two parts, which use build and 
validation models. The main advantage of the two model approach is that it maximises 
the uniformity of the variables in the design space.  
The OLH building and validation points were generated uniformly by using the 
permutation genetic algorithm (PermGA) [48]. The two design variables were 
distributed uniformly through the space within the lower and upper limits to form 30 
different combinations of building and validation points as shown in Figure 9.4. The 
building points were used to construct the output response surface of the design 
variable. The validation points were used to ensure that the fitted response surface 
accurately reflect the system behaviour and can therefore be used with confidence to 
carry out the optimisation exercise 
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Figure 9.4: Building and validation points. 
The axisymmetric transient finite element model for the coated aluminium alloy rotor 
was used to investigate the 30 combinations using Abaqus software. The braking event 
selected for the simulation was as follows: high rate constant g stop with an initial 
vehicle speed of 205 km/h (the maximum specified speed from a punto) and 
deceleration of 1 g for a vehicle mass of 1400 kg. The main reason for choosing this 
braking event was to generate the maximum achievable surface temperature on the rotor 
within a reasonable computational run time. The maximum surface temperature of the 
coating and the substrate was monitored throughout the simulation and used to obtain an 
approximate response within the design space using the moving least squares 
approximation method as shown for the coating and substrate maximum temperatures in 
Figure 9.5 and Figure 9.6 respectively. These results confirm that the substrate thickness 
has a much stronger influence on the surface temperatures of both the coating and 
substrate compared to the coating thickness.  
The optimisation problem was then solved using the genetic algorithm (GA) option of 
Hyperstudy v12 [137]. The main objective was to minimise both the coating and 
substrate thickness, thus reducing the total weight of the brake rotor, in accordance with 
the constraints defined previously. The results show that the optimum point that met all 
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the constraints and the objective function was ts =12.24 mm and tc = 30 µm given a 
total disc thickness of 12.25 mm. This design will be used in the following section to 
make sure that it meets the various braking application requirements.  
A comparison between the predicted optimum results and the simulation results for this 
particular design variable is shown in Table 9.9. It can be seen that the maximum 
temperatures for the coating and for the substrate predicted by the optimisation 
algorithm are very similar to those of the actual simulation which gives confidence in 
the validity of the optimisation algorithm. 
 
Figure 9.5: Response surface of maximum surface temperature of the coating for 
the two design variables. 
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Figure 9.6: Response surface of maximum temperature of the substrate for the two 
design variables. 
Table 9.9: Optimum and simulation results of the two design variables. 
Design variables 
Optimisation 
algorithm 
predictions 
Actual 
simulation 
results 
Error 
Disc 
thickness 
(mm) 
Coating 
thickness 
(µm) 
Tc (
o
C) Ts (
o
C) Tc (
o
C) Ts (
o
C) Tc (
o
C) Ts (
o
C) 
12.24 30 472 443 473 445 0.42 0.46 
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9.5 Validation of the optimum results 
The optimum results obtained in the previous section were used to investigate the 
thermal performance of the coated disc brake rotor for a small sized vehicle (1400 kg 
fully loaded) during two extreme braking events as follows: 
1. Long continuous drag braking (Grossglockner Alpine descent) lasting 23 min. 
Average slope of 12% and average vehicle speed of 80 km/h. 
2. High rate constant g stop with a vehicle speed of 205 km/h and deceleration of 1 
g. 
The temperature distribution at the end of the Grossglockner descent is given in Figure 
9.7. The results showed that the temperatures for the coating surface and the substrate 
were within the limits defined in the optimisation problem. This means that the 
optimisation exercise resulted in an acceptable thermal performance for the coated 
aluminium alloy disc brake rotor under extreme drag braking conditions.  
The same model was used with the second braking event, which was the high g stop. the 
maximum surface temperature of the coating and substrate is shown in Figure 9.8 
during and after the braking event. In addition, the temperature distribution during the 
test at different time steps is shown in Figure 9.9. The results indicate that for the high g 
stop, the optimum disc brake model again shows acceptable thermal performance and 
the temperature predicted is within the safe design limits for both the coating and 
substrate. 
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Figure 9.7: Temperature distribution of the coated small scale disc brake rotor at 
the end of simulation for the Alpine descent. 
 
Figure 9.8: Maximum temperature on the coating and substrate outer surfaces 
during the high g braking test. 
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Figure 9.9: Temperature distribution of the coated small scale disc brake rotor for 
the high rate constant g stop.   
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9.6 Summary 
A sensitivity analysis for the various brake rotor factors was undertaken using the 
Taguchi approach. The Taguchi analysis showed that substrate thickness has the largest 
effect on the predicted temperature distribution through the disc brake rotor. Material 
properties also have an influence on thermal performance but designing a material with 
specific thermal properties would be far from easy. The optimisation analysis was 
carried out based on the genetic algorithmic technique and the Optimal Latin Hypercube 
Design of Experiment. The design variables for the optimisation problem were the 
coating and substrate thicknesses. The optimum design variables were found to be a 
coating thickness (tc)=30 µm and disc thickness (ts)= 12.24 mm. The results show that 
this optimised design can withstand two different and very aggressive braking events 
for a vehicle of total mass 1400 kg. The current optimisation analysis could be used 
with a more complex disc brake geometry, such as a ventilated rotor, to allow greater 
heat loss by convection and therefore a greater vehicle mass and/or greater factor of 
safety. 
 CHAPTER 10:  
DISCUSSION OF KEY FINDINGS 
10.1 Introduction 
The selection of a specific material is highly dependent on its functionality within its 
operational environment. There are many applications in the automotive industry which 
require low weight, manufacturability, machinability and a high strength to weight ratio. 
This thesis has consequently investigated the possibility of replacing a cast iron disc 
brake rotor with a lightweight alternative that is based upon an alumina coated 
aluminium alloy. The main contribution of this work has been to verify the use of a 
PEO coating on an aluminium alloy surface to enhance the performance of the evolving 
lightweight disc brake application. The main aim of this chapter is to draw together and 
discuss the findings and analysis presented throughout the thesis in order to evaluate 
their impact on the outcome. A detailed discussion of the results is presented in each 
chapter and the following sections discuss the findings and limitations of a coated 
aluminium alloy as a candidate disc brake rotor from an experimental and numerical 
perspective. 
10.2 The importance of numerical and experimental analysis in the area of 
lightweight disc brake rotor 
Replacing the conventional grey cast iron disc brake with an alternative lightweight 
material such as an aluminium alloy is a great challenge and one that is worth pursuing 
in order to reduce vehicle emissions to the environment. To address this challenge, the 
present research utilised the development of both numerical and experimental 
approaches to fully investigate the thermal and tribological performance of a 
lightweight disc brake rotor concept.  
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A thorough literature review was carried out on fundamental theories of the thermal 
analysis of disc brake rotors. It was identified that numerical modelling is an essential 
tool with which to investigate the thermal performance of a disc brake rotor. In addition, 
it was concluded that aluminium alloys and aluminium metal matrix composites are the 
best candidates for the lightweight brake rotor application because of their low cost and 
manufacturability as explained in detail in Chapter 2. Aluminium alloys have been 
widely used in the automotive industry but their limitations, such as low hardness, low 
melting temperature and corrosion resistance prevent them from being used in brake 
system applications without appropriate surface treatment. Experimental analysis was 
identified as necessary to assess the thermal and tribological performance of coated 
lightweight disc brake rotors and to validate the numerical models. 
A one dimensional thermal model was first developed in Matlab to investigate the effect 
of various parameters on disc brake thermal performance and to understand the bulk 
thermal behaviour of solid disc brake rotors as discussed in Chapter 4. Overall it was 
found that the Matlab results showed good agreement with results generated by a 
similar 1D Abaqus FE model and with those in the literature as shown in Figure 4.10. In 
addition the Abaqus FE software was used to study coated rotors using different 
modelling approaches. The numerical study showed that there are approximate 
techniques which can be used to model the coating layer which reduced the simulation 
time and the memory usage within Abaqus. In particular, the thermal resistance 
modelling approach, which does not explicitly model the thin coating layer, reduced the 
analysis time by up to 25% and also significantly reduced the computer memory needed 
for such analysis. Specific code was developed to link the Abaqus finite element model 
to Matlab software and this further reduced the simulation time (up to 65%) and 
allowed more complicated analyses to be conducted in Abaqus, for example repetitive 
braking events. The outcomes from the 1D transient thermal model were used to 
develop the scaling methodology and to design the test rig in order to carry on the 
experimental analysis. 
A scaling methodology was derived based on constant energy principles with the aid of 
the one dimensional model developed in Chapter 4 and used to design a small scale 
brake dynamometer to be employed alongside the existing full size dynamometer to 
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investigate the thermal performance of small scale disc brake rotors. All the equipment 
used in the brake testing was calibrated based on well-established standards and 
procedures. Both test rigs were commissioned and showed good operating performance. 
LabView software was developed for both full and small scale brake dynamometers to 
monitor and control the test rigs and to apply the different braking conditions. The 
proposed scaling methodology was validated numerically and experimentally (as 
explained in Chapter 7). The results showed good agreement between the full and small 
scale disc brake rotors with only small differences in surface temperatures due to a 
combination of the following: 
o The effect of convective cooling was not considered in the scaling 
methodology which might have an impact on the temperature 
distribution and magnitude. 
o There is a small difference in the disc brake geometry between the full 
and small scale disc brakes, principally the “top hat” structure of the full 
size disc brake rotor was not present in the small scale rotor. 
o The aspect ratio of the brake pad was not considered in the scaling 
methodology; this has been shown to influence the thermal performance 
of a disc brake [138, 139]. 
Different finite element models of the disc brake rotor were developed using Abaqus 
software to permit detailed interpretation of the experimental results. It was shown that 
the axisymmetric FE model was the best candidate for the current research compared to 
the one and three dimensional models for various reasons, but mainly simulation time 
(CPU). 
The thermal response of the full and small scale disc brakes was also investigated using 
an axisymmetric finite element model and the results confirmed that both discs 
experienced almost the same maximum surface temperatures under the equivalent 
simulated braking event. Although there are detailed differences in the temperature 
distributions because of the effect of different convective cooling regimes and the 
differing disc geometry, overall the results demonstrated that the scaling methodology 
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can be used with confidence in the design and development of automotive disc brake 
systems 
The five small scale discs were tested on the dynamometer according to the 
represntative test matrix; the surface temperature of the discs were monitored during all 
the tests using rubbing thermocouples and a high speed thermal imaging camera (FLIR 
X6540SC). The friction coeficient between the disc and pad surfaces was evaluated 
from the hydraulic line pressure (normal load) and brake torque measured using 
appropriate transducers. The discs were driven to their upper limits in order to observe 
the effect of elevated temperature on the friction and coating materials. The results show 
that, after grey cast iron (GCI), the coated aluminium alloy had the best thermal 
performance of the lightweight rotors tested in terms of structural integrity at elevated 
temperature. The coefficient of friction of the coated aluminium alloy was stable during 
the test and showed better performance than the coated and uncoated Al-MMC 
especially at higher temperature. The CoF for the various disc brake rotors was 
monitored during the tests; results show that the CoF was close to 0.32 for all the rotors 
except the plain aluminium alloy where it was around 0.2 which is not acceptable for a 
modern disc brake. However it should be noted the friction material had been optimised 
for the alumina coated discs and not for the uncoated MMC surface on which silicon 
carbide particles may be exposed. 
The coated aluminium alloy disc brake rotor operated up to a 500
o
C surface temperature 
without any problems and only failed when the surface temperature reached around 
550
o
C. The catastrophic failure of the coated disc resulted from brittle fracture at the 
grain boundaries within the microstructure of the wrought billet from which the disc 
brake rotor was machined. Visual inspection of the failed disc brake rotor showed that 
the failure occurred around the inner radius of the rubbing surface circumferences as 
shown in Figure 8.22a which was expected as the disc material at this radial distances 
experience the maximum temperature. Although the disc shattered in a number of 
separate pieces, Figure 8.22b, the coating on the rubbing surface remained fully 
attached to the pieces and to the remaining central rotor section. The fracture surface of 
the failed alloy material had a very fibrous appearance (Figure 8.22c) indicating that the 
highly uniaxed nature of the crystallised structure of the wrought alloy had induced an 
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intergranular brittle fracture mode. The aluminium alloy rotors were machined from a 
forged billet in which the grain boundaries were formed predominantly in the axial 
direction with respect to the rotor. It is postulated that this led to failure at the grain 
boundaries around the circumferences of the disc. 
On the other hand, the plain aluminium alloy and aluminium metal matrix composite 
rotors failed to complete the developed test matrix. This was due to surface damage 
occurring at relatively low temperatures of 200
o
C and 350
o
C respectively. In contrast, 
the coated Al-MMC rotor demonstrated good thermal performance and operated up to 
400
o
C without any damage to the coating or the substrate. The main concern with the 
coated Al-MMC was the poor coating adhesion which was apparent from the material 
characterisation analysis. 
10.3 Application of surface engineering techniques to understand the capabilities 
of aluminium alloy brake rotors 
The surface morphology of the aluminium-based rotor materials before and after 
dynamometer testing was investigated using SEM. The variation in thickness of the 
coating was of the order of 2 µm for the wrought aluminium rotor which is much lower 
than that of the coated Al-MMC rotor where it was of the order of 10-15 µm, as 
explained in Chapter 8. The PEO coating on the wrought aluminium alloy was also 
denser and more uniform when compared to the coating on the Al-MMC substrate as 
shown by the SEM images of the coating cross section. The coating adhesion was much 
better for the aluminium alloy compared to Al-MMC, based on the variation of coating 
thickness which was obtained from the microscopic images. Furthermore, it was found 
that the PEO coating improved the hardness of the substrate for the wrought aluminium 
alloy by a factor of 8 to a HV of 500 while it improved the hardness of the Al-MMC 
only by a factor of 5 to a HV of 980. Based on the EDX characterisation and these SEM 
images, it was concluded that the Al-alloy had a very dense and uniform coating with 
alpha/gamma alumina [26, 131] as main elements compared with the Al-MMC. This 
tends to give a tremendously hard and robust tribo surface with a stable coefficient of 
friction and, in addition, a good thermal barrier effect as explained in section 8.2. 
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A transfer layer from the brake pads formed on the rubbing surface of all the aluminium 
and MMC rotors and the thickness of this layer was in the range 2-4 µm. It is critical 
that the transfer layer is considered as it changes the thermal interaction between the 
disc and pad. The transfer layer thickness and properties can be used in the numerical 
model to give more precise results by physically modelling the transfer layer instead of 
estimating the effect by means of the heat partitioning ratio between the disc and pad. 
The disc/pad heat partition ratios for the grey cast iron and coated aluminium alloy disc 
brake rotors were determined from the experimental data and found to be approximately 
0.95 and 0.93 respectively. These partition ratios showed good agreement with those 
found in the literature. 
10.4 Importance of optimisation analysis for coated aluminium alloy rotors 
A Taguchi analysis, carried out for the small scale disc brake rotor, showed that the disc 
thickness had the largest effect on the predicted maximum surface temperature. Based 
on the Taguchi results, an optimisation analysis was developed for the coated 
aluminium alloy with a view to minimising the thickness (and therefore weight and 
cost) of the disc based on different constraints and braking conditions. Material 
properties have a strong influence on thermal performance but designing a material with 
specific thermal properties would be far from easy. The optimum design variables found 
from the optimisation analysis were a coating thickness of 30 µm and a disc thickness of 
12.24 mm. The results show that the optimised design can withstand two different 
aggressive braking events: a prolonged Alpine descent and a repeated high speed 
Autobahn stop. It was concluded that the coated wrought aluminium rotor could be used 
to replace the conventional cast iron disc brake rotor in a small to medium sized vehicle 
taking into consideration appropriate safety margins. The current optimisation 
methodology can be used for more complex disc brake geometry, such as a vented rotor, 
in order to further reduce the weight of the disc brake or allow for the safe braking of a 
heavier vehicle. 
One of the main issues with the alumina coated aluminium rotor used in the current 
research was that all disc surfaces were transferred to alumina which reduced the 
dissipation of the heat from the disc substrate. The alumina layer on the surfaces of the 
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disc worked like a thermal barrier (low thermal conductivity) which trapped the heat 
inside the disc brake substrate and accordingly increased the temperature of the 
substrate. This behaviour was monitored and observed using the high speed thermal 
imaging camera as explained in Chapter 7. It would be very advantageous to only coat 
the rubbing surfaces thereby allowing greater heat loss by convection from the free 
surfaces. 
10.5 Industrial and academic implications for the current work 
The results obtained in this research give good evidence that lightweight disc brake 
rotors can be used in the brake system with proper surface treatment such as PEO 
coating. One of the main advantages of the PEO coasting process is that it is 
environmental friendly compared with other types of coating process [83]. The main 
issue with the PEO coating is the slow growth rate of the oxide layer and the high costs. 
Many researchers investigated the possibility of optimising the parameters of the PEO 
process in order to enhance the properties and reduce the cost [83, 86]. In this research, 
the enhancement of the PEO coating to the aluminium alloys substrate showed the huge 
potential for PEO coated rotor to be used in the braking application but manufacturing 
parts were not considered. 
This thesis can contribute to the academic field in the different ways. Since the relation 
between the academic and industry fields in surface engineering is limited, this research 
would help to improve and strengthen the current relationship established between the 
academic partner (University of Leeds) and the industry (Keronite International). In 
addition, the subject of surface engineering in the automotive industry has been found to 
be important in improving and protecting the surfaces of the lightweight alloy brake 
rotor. 
10.6 Summary  
The scaling methodology and small scale brake dynamometer were shown to present 
good approach with which to investigate the thermal performance of a lightweight disc 
brake rotor in the laboratory with short time and low cost compared with conventional 
full scale method. The technique permitted the implementation and exploration of 
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design changes to the rotor concept that were suggested through the numerical analysis. 
The numerical and experimental approaches demonstrated reliability and consistency in 
assessing the temperature distribution and the triboligical performance of the 
lightweight rotor. The results showed that the PEO coated aluminium alloy has the best 
performance compared to the other candidate lightweight rotors. It has been shown that 
PEO coating can improve the surface of the substrate which promotes the use of 
lightweight rotor technology in the automotive industry. The optimisation analysis was 
demonstrated to be effective in designing future lightweight rotors. Finally, the 
implication of the current work was reviewed in terms of both its industrial and 
academic dimensions. 
 CHAPTER 11:  
CONCLUSIONS AND FUTURE WORK 
11.1 Conclusion 
Overall it was concluded that the next generation of lightweight brake rotors could be 
made from wrought aluminium alloy with an alumina coating, applied using a plasma 
electrolytic oxidation coating process. Thermal and tribological performances of the 
coated wrought aluminium alloy were as good as those for standard grey cast iron as 
explained above. Other findings from the current research are summarised as follows: 
- The coating study in Chapter 4 showed that there are different numerical techniques 
which can be used to model the coating layer in Abaqus which improved the 
simulation time and the memory usage. 
- It was shown that the two dimensional axisymmetric FEM was the best candidate 
for the current research compared to the one and three dimensional models for 
different reasons, but mainly to do with the simulation time (CPU). 
- The proposed scaling methodology showed good potential for investigating 
lightweight brake rotors in the laboratory with short operating time and low cost. 
The scaling method has been validated numerically and experimentally, it showed 
very good agreement with the full size rotor results with only small differences due 
to various parameters explained in Chapter 7 and 10. 
- Finite element models were developed and validated by comparison with the 
measured experimental results and showed good agreement. It has been 
demonstrated in this thesis that thermal modelling is a very important and powerful 
tool in designing and investigating the thermal performance of a lightweight disc 
brake rotor concept. In particular, the 2D axisymmetric finite element numerical 
model showed good agreement with the measured experimental results which gave 
confidence in using the developed model for further detailed investigation of the 
thermal performance of a lightweight brake rotor. 
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- It has been shown that the PEO coated Al-alloy had the best overall thermal and 
tribological performance compared to the plain rotor and the coated Al-MMC. The 
thermal performance of the coated aluminium alloy is much better than that of other 
lightweight disc brake rotors because of the following finding of this research. 
- The coated aluminium alloy disc brake rotor was able to withstands up to 500 oC 
surface temperature without any only problems and fails when the surface 
temperature reaches about 550 
o
C. On the other hand, the plain aluminium alloy 
and aluminium metal matrix composite unable to withstand the most severe braking 
conditions.  
- The coefficient of friction of the coated aluminium alloy was stable during the test 
and showed better performance than the coated and uncoated Al-MMC. 
- The thickness variation of the coating was of the order of 2 µm for the wrought 
aluminium which is much lower compared to the coated Al-MMC where it was of 
the order of 10-15 µm 
- The PEO coating on aluminium alloy is much denser and more uniform compared 
to the PEO coating on the aluminium metal matrix composite.  
- The coating adhesion is much better for the aluminium alloy compared to Al-
MMC, as noticed in the material characterisation analysis. 
- The alumina coating improves the surface hardness of both wrought aluminium 
alloy and aluminium metal matrix composite as shown in Chapter 8. 
- Plasma electrolytic oxidation coating was shown to be a good surface engineering 
option to enhance the surface performance of lightweight materials used in the 
automotive industry. 
- The transfer layer was evaluated using material characterisation analysis and it was 
found to be 2-4 µm thick. The transfer layer thickness can be used in the numerical 
model to give more precise results. 
- Taguchi analysis was carried out for the small scale disc brake rotor and it showed 
that the disc thickness had the largest effect on the maximum surface temperature. 
- Based on the Taguchi analysis, optimisation analysis was developed for the coated 
aluminium alloy, with a view to minimising the thickness of the disc based on 
different constraints and braking conditions. The results showed that the current 
small scale disc brake rotor was sufficiently robust for a small passenger vehicle. 
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- The results of this study showed that a coated wrought aluminium rotor could be 
used to replace the conventional cast iron disc brake rotor in a small to medium 
sized vehicle taking into consideration good safety margins. 
The significance of this research is, therefore, that it proves an ability to numerically 
and experimentally demonstrate the thermal performance of lightweight disc brake 
rotors made of aluminium alloy with the addition of optimised alumina coating 
treatments. The present work provides a wide range of information for the automotive 
researcher in the area of lightweight disc brake rotors for use in the design of future 
generations of such rotors. The techniques used to assess their thermal and tribological 
performance and to identify optimum designs are useful tools for researchers in this and 
related fields and can be expected to improve the design of future lightweight disc brake 
rotors.  
11.2 Suggestions for future work 
The present research work could be taking forward by adopting the following 
recommendations: 
- There are a number of areas which need to be improved and further investigated in 
the scaling methodology as follows: 
o The effect of convection cooling needs to be considered in the scaling 
methodology since this is likely to have a significant influence on the 
thermal performance between the full and small scale disc brake rotors. 
o The brake pad geometry (aspect ratio) needs to be investigated in the 
scaling methodology. 
o The disc brake geometry (particularly the effect of the “top-hat” 
structure) should be considered in the scaling exercise to make sure that 
the results obtained for the full and small scale discs are valid. 
- In order to replicate real world conditions for any vehicle, the flywheel inertia of 
the small scale rig needs to be increased according to the scaled vehicle weight and 
inertia. 
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- The material characterisation analysis shows that the thickness variation of the  
alumina coating on the aluminium alloy is much lower than for the Al-MMC but 
further investigations need to be conducted using scratch tests in order to measure 
the bonding strength for each material with the current PEO coating process. 
- The PEO coating process could be improved in order to achieve better bonding 
between the alumina coating and substrate especially with the aluminium metal 
matrix composite. 
- Further investigation of the wear and corrosion resistance of the PEO treated 
wrought aluminium alloy is essential to make sure that the nominated lightweight 
coated disc will withstand real world braking events and environmental conditions. 
- The microstructure of the substrate material should be investigated in order to avoid 
grain boundary failure by improving or changing the manufacturing process of the 
wrought aluminium alloy. 
- Coated aluminium alloy disc brake rotors with a vented design would improve 
cooling which might mean that such rotors could be adopted for heavier vehicles. 
Applying the PEO coating on the rubbing surface only would improve the heat 
dissipation by convection and thereby minimise the temperature reached in the 
substrate. 
- The pad material was kept fixed in the current experimental analysis in order to 
assess the lightweight disc brakes without the effect of different pad materials. 
Investigation of the effect of different pad materials is required to improve the 
thermal and tribological performance of both disc and brake pad and so produce a 
friction pair that is in every way optimised. 
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APPENDIX A: 
ASSEMBLY AND DISASSEMBLY 
PROCEDURE 
The general guidelines for assembling the small scale test rig are as follows: 
1. Slide the two bearings and flywheel onto the main shaft. 
2. Place the bearings onto their support blocks. 
3. Fix the shaft to the bearings using the lock nut and washer. 
4. Fix the shaft encoder on the shaft. 
5. Slide the clutch unit onto the shaft. 
6. Bolt the adapter to the clutch unit and the coupling to the adapter. 
7. Slide and bolt the DC motor into place. 
8. Fit the brake disc and bolt adapter onto the shaft and lock the bolts. 
9. Assemble the caliper support. 
10. Insert the pads into the caliper and fix it to the pivoted arm. 
11. Adjust height over the load cell so that the support arm is horizontal and aligned 
with the shaft centre. 
12. Mount the master cylinder and the linear actuator. 
13. Connect and bleed the brake lines. Make sure to fit the pressure transducer close 
to the caliper. 
14. Attach the sliding thermocouples. 
15. Fit the flywheel and motor enclosure. 
The small scale test rig disassembly is similar to the assembly process but in reverse 
order. The completed 3D model of the small scale test rig is shown in Figure A. 1 and 
the actual test rig is shown in Figure A. 2. 
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Figure A. 1: CAD representation of the main components of the reduced brake test 
rig. 
 
Figure A. 2: Small scale test rig.  
Most of the design issues of the small scale test rig were handled by an MSc student 
who completed the load and stress analysis to make sure that the rig was safe to operate 
under different braking conditions [118]. 
Motor Pneumatic clutch Flywheel Caliper 
Load cell Disc Sliding thermocouples Motor control unit 
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APPENDIX B: 
TEST RIG COMISSIONING OUTPUT 
 
Figure B. 1: Commissioning results for small scale dynamometer. 
 
Figure B. 2: Commissioning results for the full scale brake dynamometer. 
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